How and where did life on Earth originate? To date, various environments have been proposed as plausible sites for the origin of life. However, discussions have focused on a limited stage of chemical evolution, or emergence of a specific chemical function of proto-biological systems. It remains unclear what geochemical situations could drive all the stages of chemical evolution, ranging from condensation of simple inorganic compounds to the emergence of self-sustaining systems that were evolvable into modern biological ones. In this review, we summarize reported experimental and theoretical findings for prebiotic chemistry relevant to this topic, including availability of biologically essential elements (N and P) on the Hadean Earth, abiotic synthesis of life's building blocks (amino acids, peptides, ribose, nucleobases, fatty acids, nucleotides, and oligonucleotides), their polymerizations to bio-macromolecules (peptides and oligonucleotides), and emergence of biological functions of replication and compartmentalization. It is indicated from the overviews that completion of the chemical evolution requires at least eight reaction conditions of (1) reductive gas phase, (2) alkaline pH, (3) freezing temperature, (4) fresh water, (5) dry/dry-wet cycle, (6) coupling with high energy reactions, (7) heating-cooling cycle in water, and (8) extraterrestrial input of life's building blocks and reactive nutrients. The necessity of these mutually exclusive conditions clearly indicates that life's origin did not occur at a single setting; rather, it required highly diverse and dynamic environments that were connected with each other to allow intratransportation of reaction products and reactants through fluid circulation. Future experimental research that mimics the conditions of the proposed model are expected to provide further constraints on the processes and mechanisms for the origin of life.
Introduction
When, where, and how did life on Earth originate? These questions on the origin of life are among the biggest unsolved problems in natural science. Recent progress in geological research has provided significant constraints on the first question: time of the origin of life. The Earth was formed about 4.53 billion years (Gyr) ago through gravitational accretions of a large number of 10-km-sized objects, with the moon-forming impact being late and the most catastrophic event (Canup and Asphaug, 2001; Kleine et al., 2005; Wood et al., 2006) . After the giant impact, the surface of the primitive Earth cooled rapidly from rock-melting-temperature (w2000 K) to below the boiling point of liquid water (400e500 K) on a timescale of 1e10 million years (Nisbet and Sleep, 2001; Sleep, 2010) . As a consequence, a hydrosphere and continental crust were formed as early as 4.3 Gyr ago (Mojzsis et al., 2001; Wilde et al., 2001; Harrison et al., 2005) . The primordial ocean was occasionally vaporized by massive meteorite impacts called the "late heavy bombardment" during the first hundreds of million years of the Earth's history (Sleep et al., 1989; Marchi et al., 2014) . Liquid water is essential for life, and organic molecules are typically unstable at temperatures higher than 100 C, therefore it is unlikely that life could have survived the bombardment period, particularly before 4.2 Gyr ago (Nisbet and Fowler, 1996; Nisbet and Sleep, 2001) . Nonetheless, geochemical investigations of graphitic carbons in early Archean sedimentary rocks have indicated that life on the Earth began before 3.8 Gyr ago (Mojzsis et al., 1996; Rosing, 1999; Ohotomo et al., 2014) . Geological occurrences of graphite from the Isua supracrustal belt indicate the possible existence of planktonic organisms at >3.7 Gyr ago (Rosing, 1999) . If the interpretation is correct, the origin and early evolution of life would have occurred long before that. The geological evidence is consistent with an estimate from a phylogenetic analysis of molecular divergence among Archaea (Battistuzzi et al., 2004) . A molecular clock analysis suggested that the first divergence within Archaea occurred as far back as 4.11 Gyr ago, implying even earlier dates for the last common ancestor of living organisms. Based on these multiple lines of information, the beginning of life on the Earth is inferred to be between 4.1 and 4.2 Gyr ago.
Then, where did life on Earth originate? To date, various environments have been proposed as plausible sites for life's origin, including oceans, lakes, lagoons, tidal pools, submarine hydrothermal systems, etc. But no single setting can offer enough chemical and physical diversity for life to originate. This idea was recently proposed by Stueken et al. (2013) , suggesting that chemical evolution required complex interactions among diverse geochemical processes. In accord with the suggestion, Dohm and Maruyama (2015) proposed a new concept of a habitable environment. The concept, "Habitable Trinity", involves acoexisting atmosphere, water, and landmass with continuous material circulation between the three of them that is driven by the Sun. This setting is one of the minimum requirements for the emergence of life. Elements consisting of life body (C, H, O, N, and nutrients) are provided from the three components: atmosphere (C and N), water (H and O) , and a landmass (nutrients). Although the presence and composition of primitive continents have been under vigorous debate (Harrison, 2009) , Maruyama et al. (2013) speculated that a huge landmass had existed on the Hadean Earth (Fig. 1) . It was comprised of dozens of kilometer thick anorthositic crust with local cover and dikes of KREEP (Kalium, Rare Earth Elements, and Phosphorus) basalt composition, similar to that observed on the moon. On the continental surface, serpentine-hosted hydrothermal systems distributed with localized H 2 -rich alkaline environments. In a pond near the geothermal field, ample and continuous supplies of nutrient elements (e.g., K and P) were provided by weathering, erosion and transportation of nutrient-enriched rocks. The shores of the pond favor dehydration reactions leading to biomolecule polymerization through wettingedrying cycles (Mulkidjanian et al., 2012a,b; Stueken et al., 2013) . The geothermal fields also enabled the involvement of solar light as an energy source and diverse organic substances that were produced through atmospheric reactions or delivered by extraterrestrial objects. The proposed environment appears to include almost all geochemical situations proposed so far that favor the chemical evolution of life. Therefore, it would be worth considering whether the terrestrial environment is enough to drive all stages of chemical evolution, ranging from condensation of simple inorganic molecules (e.g., CO 2 ) to the emergence of the earliest life. To this end, we also need to consider the last question: how did life on Earth originate?
Life is generally characterized by the following three functions: (1) compartmentalization: the ability to keep its components together and distinguish itself from the environment, (2) replication: the ability to process and transmit heritable information to progeny, and (3) metabolism: the ability to capture energy and material resources, staying away from thermodynamic equilibrium ( Fig. 2 ; Nakashima et al., 2001; Ruiz-Mirazo et al., 2004 , 2014 . All these functions are operated by biopolymers such as DNA, RNA, protein, and phospholipids ( Fig. 2) . Phospholipids are made of two fatty acids esterified to a glycerol phosphate molecule. DNA and RNA are made of nucleosides (composed of (deoxy)ribose and nucleobases) bound by phosphodiester linkages, while proteins are made of amino acids linked together by peptide bonds (Fig. 2) . It is typically assumed that these vital components were synthesized abiotically, accumulated somewhere, condensed into polymers, interacted mutually, and eventually evolved into a self-sustaining system through natural phenomena on the primitive Earth. A considerable number of laboratory simulations have been made to explore the most plausible conditions for these processes, especially for the synthesis, accumulation, and polymerization steps of organic monomers.
The aim of this review is to provide a framework for thinking about geochemical situations necessary for life to originate from mixtures of simple inorganic compounds (e.g., CO 2 , N 2 , H 2 O, H 3 PO 4 ) on the Hadean Earth. To date, a number of varied environments have been proposed as being favorable for prebiotic chemistry (Deamer et al., 2006; Ricardo and Szostak, 2009; Benner et al., 2012; Mulkidjanian et al., 2012a,b) . However, these discussions have focused on a limited stage of chemical evolution, or emergence of a specific chemical function of proto-biological systems. To cover all stages, we first summarize reported experimental and theoretical findings for prebiotic chemistry, including availability of biologically essential elements (N and P), abiotic formation of life's building blocks (amino acids, ribose, nucleobases, fatty acids, and nucleotides), their polymerizations to bio-macromolecules (peptides and oligonucleotides), and emergence of biological functions of replication and compartmentalization. These summaries are used to make a list of reaction conditions necessary to complete the chemical evolution from the beginning to the end. A relevant geochemical setting for each condition is then discussed while considering the Hadean surface environments proposed in the literature (e.g., Maruyama et al., 2013) . It should be noted that the origin and early evolution of metabolism have been discussed over the last twenty years (Wachtershauser, 1988; Russell et al., 1994; Braakman and Smith, 2013) . However, laboratory simulations on this topic have still focused on syntheses of simple metabolic intermediates (e.g., pyruvate) and amino acids (e.g., Cody et al., 2000; Guzman and Martin, 2009; Huber et al., 2012) . Many uncertainties remain about how proto-metabolic systems emerged and evolved into modern counterparts. Inclusion of this process as a part of the whole scenario must be done later, at a time when sufficient experimental support is available in the literature. It is also noteworthy that it is possible life started with different inventories of organic/inorganic compounds that are not used in modern biochemistry (e.g., Cairns-Smith, 1982) . Owing to a lack of experimental support, our survey does not refer to the works done on this topic. Evaluations of the availability, reactivity, and function of the "standard" building blocks of life as we know it should provide an important insight to elucidate the components as well as the geological settings for the origin of life.
Prior to proceeding to the prebiotic chemistry that led to the origin of life, we briefly survey three standard hypotheses; (1) prebiotic soup theory, (2) hydrothermal origin of life, and (3) extraterrestrial origin of life. Because many laboratory simulations have been done following these three, this review accordingly focuses on chemical reactions under conditions relevant to these hypotheses.
Origin of life hypothesis

Prebiotic soup theory
Over time, philosophers and scientists have proposed many different theories for the origin of life. The best-known theory is the "Prebiotic soup" theory hypothesized by Oparin in 1924 (Oparin, 1957 . In this theory, organic compounds were created in a reductive atmosphere from the action of sunlight and lightning. The compounds were then dissolved in the primitive ocean, concentrated, and underwent polymerization until they formed "coacervate" droplets. The droplets grew by fusion with other droplets, were split into daughter droplets by the action of tidal waves, and developed the ability to catalyze their own replication through natural selection, which eventually led to the emergence of life. Later on, the relevance of coacervates to the origin of life was questioned because coacervates have no permeability barrier, so they lack the capacity for nutrient uptake and waste release that are essential functions for encapsulated metabolism Thomas and Rana, 2007) . However, the scientific merits of Oparin's proposal are not in its details, but in the possibility to test its plausibility with rigorous scientific investigation (Pereto, 2005) . By changing its details with refinements of scientific knowledge, the scenario has become a starting point of many modern theories for the origin of life. It has been argued, for instance, that the concentration process of organic molecules could have occurred more effectively in tidal pools, icy environments and/or on mineral surfaces rather than in bulk oceanic water (Bada and Lazcano, 2002) . Tidal pools would allow processing as well as concentrations of a huge variety of reactants transported by rivers, the ocean, and the atmosphere. Tidal pools have at least four characteristics advantageous for prebiotic organic synthesis: accumulation of heavy detrital minerals, evaporationeconcentration cycles, a gradient in water activity, and high porosity (Stueken et al., 2013) . Mineral surfaces could have played an important role in polymerization of organic monomers (Lambert, 2008; Cleaves et al., 2012) . As many as 1000 mineral species have been estimated to be present on Earth at the time of life's origin, 4.5e4.0 billion years ago (Cleaves et al., 2012) . Given the ubiquity of mineralewater interfaces on the Earth's surface, it is almost impossible to envision prebiotic chemistry scenarios leading to the origin of life, but involving no interfacial processes. A difficulty of this scenario arises from the assumption that life started with primordial Figure 2 . Structures, components, and abiotic synthetic pathways of bio-macromolecules operating three fundamental functions of life (replication, compartmentalization, and metabolism).
heterotrophic systems in an organic-rich reductive soup. Through changing the assumption of the primitive atmospheric composition from highly reducing to neutral (Kasting, 1993; Delano, 2001; Trail et al., 2011 ) (although we still lack any robust evidence of its exact condition; Zahnle, 1986; Tian et al., 2011) , the focus in our search has shifted to other locations that could have been more likely to have provided an ample and continuous supply of reducing elements.
Hydrothermal origin of life
The discovery of thermophilic organisms in association with deep-sea hydrothermal systems in the late 1970s (Corliss et al., 1979) led to a new idea that life might have originated in hydrothermal systems on the primitive Earth (Takai et al., 2006; Martin et al., 2008; Sousa et al., 2013) . The perceived benefits afforded to early life in this environment include protection from intense asteroid bombardment and UV radiation, and a source of thermal and chemical energy, along with potentially catalytic minerals (Baross and Hoffman, 1985; Holm, 1992) . Evidence that supports this scenario has been provided from various research fields. For instance, geologists have detected evidence for microbial methanogenesis from fluid inclusions in 3.5-Gyr-old hydrothermal precipitates (Ueno et al., 2006) . Using molecular biological approaches, biologists have demonstrated that the thermophilic microbial inhabitants of the active seafloor populate the deepest branches of the universal phylogenetic tree (Reysenbach and Shock, 2002) . Chemists have claimed that, on both theoretical and experimental bases, the physical and chemical conditions that are characteristic of the deep-sea hydrothermal systems are favorable for abiotic synthesis of biochemically significant organic molecules (Shock, 1990 (Shock, , 1992a Shock and Schulte, 1998) .
More recently, a new type of vent system, the Lost City hydrothermal field, was discovered in 2000 more than 15 km from the spreading axis of the Mid-Atlantic Ridge (Kelley et al., 2001 (Kelley et al., , 2005 . Unlike vent systems that are located directly on the spreading zone, the water circulating these off-axis vents makes no contact with magma, and emerges at a temperature of around 70e90 C. Its fluid composition is derived from exothermic reactions between seawater and uplifted mantle peridotite, rather than from interactions between seawater and cooling basalts (Martin and Fyfe, 1970; Lowell and Rona, 2002; Emmanuel and Berkowitz, 2006) . The peridotiteeseawater reactions associated with the oxidation of iron produce alkaline fluids (pH 9e11) that are rich in H 2 and CH 4 and other low-molecular-mass hydrocarbons (Proskurowski et al., 2008; Konn et al., 2009 ).
Russell and colleagues have proposed that life arose within alkaline hydrothermal vents similar to those of the Lost City Russell, 2003 Russell, , 2007 Martin and Russell, 2007; Russell et al., 2010 Russell et al., , 2014 . A proposed beneficial characteristic for life there is the proton gradient at the interface between the alkaline effluent (pH 10e11) and the possibly slightly acidic Hadean ocean (pH 5e6) (Macleod et al., 1994; Morse and Mackenzie, 1998) . Such proton gradients could have provided a geochemicallygenerated chemiosmotic potential that may have served as a template upon which biological chemiosmotic gradients evolved, provided the two were physically separated by a semiporous barrier, such as a layer of sulfide minerals at a hydrothermal vent. Alkaline effluent might also provide biologically important heavy metals such as Mo and W because their sulfide species (e.g. MoS 4 2e ) are soluble at alkaline pH, but not at neutral pH (Martin and Russell, 2007; Helz et al., 2014) . Mo and W are known to catalyze the transfer of O 2e from substrate onto water or vice versa
at the active sites of oxido reductases (Doring and Schulzke, 2010). These reactions are part of the carbon, nitrogen and sulfur metabolism and are fundamentally important for all organisms (Doring and Schulzke, 2010) . At the same time, however, some scientists have questioned this scenario because biomolecules are unstable under high temperature conditions (White, 1984; Miller and Bada, 1988) . High pH also presents problems in terms of the availability of inorganic carbon. High pH results in the precipitation of carbonate minerals and the near complete removal of aqueous inorganic carbon species, leaving few carbon sources that can be fixed into biomass (Schrenk and Brazelton, 2013) . Several uncertainties remain regarding accumulation and polymerization of organic molecules at the venteocean interface. Additionally, although thermophiles near the hydrothermal systems distribute at the deepest branches of the phylogenetic tree, it is conceivable that they are not the universal ancestor, but only the survivors from early Archean hightemperature regimes generated by severe impact events (Miller and Lazcano, 1995; Sleep and Zahnle, 1998; Nisbet and Sleep, 2001 ). Moreover, cell cytoplasm has a largely different ionic composition from that of sea water (e.g., the K þ /Na þ ratio of modern cell is orders of magnitude higher than the level of sea water (Mulkidjanian et al., 2012a) ). Consequently, this scenario is not without controversy (Bernhardt and Tate, 2012) , though it persists as an active topic of study in both field (e.g., Nakamura et al., 2010) and laboratory (e.g., Barge et al., 2014) investigations.
Extraterrestrial origin of life
Another important source of organic compounds on the primitive Earth is delivery by extraterrestrial objects (meteorites, comets, and interplanetary dust particles (IDPs)) (Anders, 1989; Chyba et al., 1990) . It has been estimated that the delivery of organic carbon by IDPs at the time of 4.0 Gyr ago was in the order of 10 8 kg yr
À1
, or 10 16 kg per 100 million years (Chyba and Sagan, 1992) . Given that there is about 6 Â 10 14 kg of organic matter in the present biosphere, it is likely that the role of extraterrestrial organics was significant (Ruiz-Mirazo et al., 2014) . Carbonaceous chondrites contain a wide variety of organic compounds including amino acids, purines, pyrimidines, sugar-like compounds, and long-chain monocarboxylic acids with amphiphilic properties Zaia et al., 2008; Burton et al., 2012) . These compounds could have been used as a component of primitive life. It is also conceivable that life originated elsewhere in the universe where conditions were favorable, and transferred to the Earth after the surface conditions became tranquil (Sharov, 2006; Price, 2010) . The apparently short timespan between the cooling of the Earth and the appearance of modern-looking microbes (4.2e3.8 Gyr ago) has been taken as evidence supporting this idea (Nicholson, 2009 ). Kirschvink has proposed a Martian origin for the terrestrial life (Kirschvink and Weiss, 2003) . Arguments that support this idea include that (1) higher concentrations of nutrients such as boron (Kirschvink et al., 2006; Stephenson et al., 2013) and phosphate (Adcock et al., 2013; Pasek, 2013) were more likely to exist on early Mars than on the Earth with chemically available forms, (2) the physicochemical conditions (water content, redox state, temperature, etc.) on the early Mars could have been better for the evolution of early biochemical systems than those of early Earth (Sleep and Zahnle, 1998; Kirschvink and Weiss, 2003) , and (3) meteorites are capable of transferring life from the surface of Mars to the surface of Earth without subjecting it to sterilizing temperature and solar UV (Weiss et al., 2000) . These ideas raise the possibility that life did not necessarily evolve on each planet it occurs on, but rather in a single location, and then spread about the galaxy to other star systems via cometary and/or meteorite impact. However, criticisms always exist; for instance, "the idea merely shifts the problem of the origin of life to a different location" (Bada and Lazcano, 2002; Bada, 2004) .
In addition to the above, various sites for the origin of life have been proposed, including transient melt zones in a frozen ocean (Bada et al., 1994) , hydrothermal systems within volcanos (Wachtershauser, 2006) and subterranean lithic zones (Nakazawa et al., 1993) . Although each setting has advantages in some stages of chemical evolution, unsolved problems also remain. For instance, high temperature (150e400 C) and high pressure (5 MPae5.5 GPa) conditions have been shown to favor the polymerization of amino acids in a dry state (Ohara et al., 2007; Otake et al., 2011; Furukawa et al., 2012) . The results support the idea that life arose in a deep subsurface (Nakazawa et al., 1993) . However, it is unclear how amino acids were accumulated and purified in such an extreme environment. So far, there is no plausible scenario that can explain all the stages of the origin of life.
Availability of nitrogen and phosphorus
Nitrogen fixation
Nitrogen is an essential element for life and is central in the structure of protein, RNA, DNA, and other vital substances. The atmosphere (w3.9 Â 10 21 gN) is the major reservoir of nitrogen at the Earth's surface, where it is present in the form of di-nitrogen gas (N 2 ) (Bebout et al., 2013) . The ocean and biosphere also store huge amounts of nitrogen (6.6 Â 10 17 gN and 4.3 Â 10 15 gN, respectively; Chapin et al., 2002) , but the contributions are several orders of magnitude less than the atmosphere. N 2 is virtually inert owing to a high activation energy to break N^N triple covalent bond (941 kJ mol
À1
; Howard and Rees, 1996) . Therefore, to be made available for living organisms, N 2 must be converted into chemically accessible forms such as ammonium (NH 4 þ ) or nitrate (NO 3 -) ions. In the present Earth, the nitrogen fixation is mainly driven by biological or anthropogenic processes (2.5 Â 10 14 and 1.6 Â 10 14 gN yr
, respectively; Gruber and Galloway, 2008) . But prior to the evolution of nitrogen-fixing organisms (3.5 Gyr ago; Nishizawa et al., 2014) , abiotic processes would have been the only fixation mechanisms. The nature and relative abundance of nitrogen compounds formed through abiotic processes depend on the oxidation state of the atmosphere. A reducing atmosphere rich in hydrogen (H 2 ) and methane (CH 4 ) generates hydrogen cyanide (HCN) and glycolonitrile (HOCH 2 CN) as major N-containing compounds (Schlesinger and Miller, 1983a; Zahnle, 1986; Stribling and Miller, 1987) . In contrast, if the primitive atmosphere was more neutral, composed of carbon dioxide (CO 2 ) and N 2 , the main form of fixed nitrogen is nitric oxide (NO). The most important geochemical process of NO production could have been volcanic lightning (10 12 e10 13 gN yr À1 ; Navarro- Gonzalez et al., 1998 Nicolet, 1975) , and corona discharge (w1 Â 10 9 gN yr À1 ; Nna-Mvondo et al., 2005) . NO would then have converted to nitrate (NO 3 -) and nitrite (NO 2 -) through a series of photochemical and aqueous phase reactions (Mancinelli and Mckay, 1988; Summers and Khare, 2007) . These nitrogen oxides can be reduced to ammonia (NH 4 þ ) through interactions with Ni/ Fe/Cu metals and alloys, magnetite and iron sulfides in aqueous solution (Summers, 2005; Brandes et al., 2008; Smirnov et al., 2008; Singireddy et al., 2012; Summers et al., 2012) . Nitrite is also readily reduced to NH 4 þ by Fe 2þ at neutral pH (Summers and Chang, 1993; Summers, 1999) . Other sources of reduced nitrogen proposed so far include photochemical reduction of N 2 to NH 3 in the presence of titanium oxide (TiO 2 ) (Bickley and Vishwanathan, 1979; Henderson-Sellers and Schwartz, 1980) , HCN production in a CO 2 /N 2 atmosphere via the action of UV radiation (4 Â 10 10 gN yr À1 ; Tian et al., 2011) , and direct reduction of N 2 to NH 4 þ in aqueous solution catalyzed by Ni/Fe metals and iron sulfide (FeS) (Schoonen and Xu, 2001; Dorr et al., 2003; Smirnov et al., 2008) . The efficiency of N 2 reduction to NH 4 þ in aqueous solution is low (0.04%, Dorr et al., 2003; 2.5%, Smirnov et al., 2008) . Given the low solubility of N 2 in water (0.65 mM in equilibrium with 1 bar N 2 (g) at 25 C; Shock et al., 1989) Amend and Shock, 1998) , but still much lower than those used in abiotic synthesis experiments of biomolecules (e.g., !50 mM for amino acid synthesis; Aubrey et al., 2009) . It is also noteworthy that NH 4 þ concentrations in modern aqueous environments are generally low (e.g., <6 mM at the Lost City hydrothermal field; Lang et al., 2013) except for fluids that pass through organic-rich sediments (e.g., Lilley et al., 1993) . Detected NH 4 þ are mostly attributed to biological origin; no appreciable flux of abiogenic NH 3 has been apparent even though the environment is sufficiently reducing to have an equilibrium N-speciation dominated by NH 3 . Consequently, it is unclear whether nitrogen fixation starting from N 2 gas could have produced enough ammonia to sustain prebiotic synthesis of biomolecules necessary to initiate life. Another important reservoir of nitrogen on Earth is the mantle (Canfield et al., 2010) . Although the size of the mantle reservoir is still poorly constrained, some estimates have shown a possibility that the nitrogen abundance in the mantle is more than twice as much as the present atmospheric nitrogen level (Goldblatt et al., 2009; Bebout et al., 2013) . The solubility of nitrogen is very sensitive to the redox state of the mantle. Under a relatively oxidized condition such as the present Earth's upper mantle (at approximately the fayaliteemagnetiteequartz (FMQ) oxygen buffer level; Frost and McCammon, 2008) , nitrogen exists predominantly as N 2 , and hence presents a low solubility in basaltic melt similar to that of noble gases (<1 ppm; Libourel et al., 2003) . In contrast, under more reducing conditions (below the ironewustite (IW) buffer), nitrogen is mainly in the form of NH 4 þ , and shows a drastic increase in solubility with decreasing oxygen fugacity (fO 2 ) (Libourel et al., 2003) . It has been argued that, at the time of accretion and core formation of the Earth, the magma ocean on Earth could have been very reducing, with the oxygen fugacity being 2e4 log units below the IW buffer (Wood et al., 2006; Rubie et al., 2011; Scaillet and Gaillard, 2011) . Therefore, a significant fraction of the nitrogen on Earth could have originally been dissolved in the magma ocean, and been released from the solidifying magma ocean in the form of NH 4 þ (Li et al., 2013; Li and Keppler, 2014) . A recent geochemical study suggested that the oxygen fugacity of the Hadean continental crust increased rapidly to the present-day level in the first 0.5 Gyr of Earth's history (Yang et al., 2014) . The partial pressure of N 2 in the Earth's early atmosphere (at least 3.5 Gyr ago) has been argued to be similar to the present value or even higher (Goldblatt et al., 2009; Marty et al., 2013; Wordsworth and Pierrehumbert, 2013 (Pizzarello et al., 1994 (Pizzarello et al., , 2008 Pizzarello and Holmes, 2009 ). The largest portion of organic matter in carbonaceous chondrites is present as a complex insoluble organic material (IOM); however, a significant amount of NH 3 has been extracted from IOM upon a hydrothermal treatment (Pizzarello et al., 2011; Pizzarello and Williams, 2012) . For IOM in CR2, the most primitive and least altered chondrites, a hydrothermal heating at 300 C and 100 MPa for 6 days released ammonia in the amount of 10 mg per 1 mg of IOM, which accounted for nearly 60% of the nitrogen in the IOM prior to the treatment (Pizzarello et al., 2011) . The NH 3 content in other extraterrestrial objects (comet and IDPs) are not well known. The N/C molar ratios in the organic phase of IDPs are in the range from 0.05 to 0.1, which are similar to those in carbonaceous chondrites (0.03e0.1) . The delivery of organic carbon by extraterrestrial objects about 4 Gyr ago has been estimated to be w10 11 g yr
, with IDPs' contribution being the most significant (Chyba and Sagan, 1992) . If all delivered organic nitrogen were in the form of NH 3, or were converted to NH 3 upon subsequent aqueous alteration on the Earth, the ammonia input is calculated to be w10 10 g yr
The estimation is over optimistic; but is still much lower than the NH 3 production on the early Earth (see above). Extraterrestrial input would therefore be a minor source of ammonia for the chemical evolution of life.
Phosphorous fixation
Phosphorous (P) is the fifth most important element in biology, just behind hydrogen, oxygen, carbon and nitrogen (Pasek and Lauretta, 2005) . It constitutes biomolecules that play central roles in replication and information (RNA and DNA), metabolism (ATP, NADPH and other coenzymes), and structure (phospholipids) (Pasek, 2008) . On Earth, phosphorus is the 11th most abundant element, occurring as fully oxidized orthophosphate (PO 4 3-) within igneous and metamorphic rocks (0.15e0.2 wt.%), and as wellseparated crystalline masses formed by differentiation from cooling basic magma (Maciam, 2005; Bryant et al., 2009 ). Representative phosphate minerals found in the lithosphere are apatite (Ca 5 (PO 4 ) 3 X); hydroxylapatite (X ¼ OH), chlorapatite (X ¼ Cl), fluorapatite (X ¼ F), whitlockite (Ca 3 (PO 4 ) 2 ), graftonite ((Fe,Mn,-Ca) 3 (PO 4 ) 2 ), and sarcopside ((Fe,Mn,Ca) 7 (PO 4 ) 4 F 2 ), the apatite group being by far the most ubiquitous (Maciam, 2005) . The ocean is an important reservoir of phosphorus (6.3 Â 10 16 g), but the content is much lower than those on land (4.3 Â 10 20 g) and on the ocean floor (3.9 Â 10 20 g) owing to its low solubility controlled by phosphate minerals (Van Cappellen and Ingall, 1996) . The solubility products (K sp ) of chlorapatite, merrillite (Ca 9.5 Mg(PO 4 ) 7 ), and whitlockite are 10 À22 , 10
À39
, and 10
, respectively (Adcock et al., 2013) , indicating that the concentration of HPO 4 2-equilibrated with these minerals are 4.6 Â 10 À9 M, 8.5 Â 10 À9 M, and 5.2 Â 10 À8 M, respectively, in the presence of 1 mM Ca 2þ , Mg 2þ , and Cl -at 25 C and neutral pH. Because of the low solubility, the vital element is often the limiting nutrient in ecosystems (Oelkers and Valsami-Jones, 2008; Pasek, 2013) . The low-solubility problem would also arise in a primitive aquatic environment. Evaporation of seawater cannot lead to an increase of phosphate concentration, but to precipitation of phosphate minerals because it also increases the concentration of divalent cations (Schwartz, 2006) . The same situation would occur in concentration by freezing . Yamagata et al. (1991) reported detection of polyphosphates from a fumarole of the volcano Mt. Usu in Hokkaido, Japan. The concentrations reported for orthophosphate, pyrophosphate (H 4 P 2 O 7 ), and tripolyphosphate (H 5 P 3 O 10 ) were 1.13, 0.45, and 0.37 mM, respectively. These concentrations are so low that it is unlikely that they could have contributed directly to the chemical evolution. So far, no geochemical process that led to abiotic production of polyphosphates in high yield on the Earth has been discovered .
Phosphorous forms a variety of redox state P compounds including orthophosphate (H 3 PO 4 ; P 5þ ), phosphite (H 3 PO 3 ; P 3þ ), hypophosphite (H 3 PO 2 ; P 1þ ), and phosphine (H 3 P; P À3 ) ( Fig. 3 ; Pasek, 2008) . Phosphite is more soluble than orthophosphate by a factor of w1000 over similar pH and temperatures (Schwartz, 2006; Pasek, 2008) . Additionally, phosphite is much more reactive than orthophosphate, capable of forming condensed phosphates as well as phosphorylated organic compounds having CeP and CeOeP linkages without condensing agents (Pasek et al., 2007) . For instance, ammonium phosphite ((NH 4 ) 2 HPO 3 ) readily reacts with uridine (2:1 molar ratio) to generate uridine-5 0 -phosphite at 60 C in dry conditions (De Graaf and Schwartz, 2005) . The yield attained about 20% (based on uridine) within 24 h, whereas no detectable 5 0 -UMP were obtained from ammonium phosphate under the same conditions. Phosphite is thermodynamically unstable with respect to oxidation to orthophosphate on the Earth's surface. Nonetheless, it has been observed in various aquatic environments, including geothermal pools (Pech et al., 2009 (Pech et al., , 2011 , eutrophic lakes (Han et al., 2012 (Han et al., , 2013 , and a bay area (Pasek et al., 2014) . The origin of phosphite is both biogenesis and abiogenesis. A mechanism of abiotic formation of phosphite is reduction of phosphate from the action of lightning (Glindemann et al., 1999; De Graaf and Schwartz, 2000; Pasek and Block, 2009) . Another abiotic source of phosphite is corrosion of phosphide minerals (e.g., schreibersite; (Fe,Ni) 3 P) in water (Pasek and Lauretta, 2005) . Schreibersite readily oxidizes in water to form a mixed-valence series of P compounds including phosphite as a primary product (Pasek and Lauretta, 2005) . Mixing of schreibersite with organics in water produces a variety of phosphorylated organic compounds; a mild heating of synthetic Fe 3 P powder (1 g) with aqueous solution of glycerol (25 mL, 0.5 M) at 65 C for 2 days generates glycerol-phosphate in 2.5% yield .
Phosphide minerals are the major P carriers in iron meteorites, pallasites, and enstatite chondrites (Pasek, 2008; Bryant et al., 2013) . IDPs and ordinary and carbonaceous chondrites contain P as both phosphate and phosphide (Pasek and Lauretta, 2008) . During the impact period of the Hadean era, therefore, significant amounts of reduced P could have been delivered to the primitive Earth. Pasek and Lauretta (2008) estimated the extraterrestrial input of P during the putative late-heavy bombardment (between ca. 4.0 and 3.8 Gyr ago) to be 2 Â 10 8 kg yr
À1
. Iron meteorites and Figure 3 . Structures of inorganic P compounds having different redox states (þ5, þ3, þ1, and -3).
IDPs were expected to be the major carriers. If the input of P was distributed evenly on the Earth's surface, the resultant surface concentration of P is very low (4 Â 10 À4 g yr À1 m 2 ). However, localized impact events associated with iron meteorites could have created high local concentrations of activated P compounds, on the order of 10 2 g yr À1 m 2 (Pasek and Lauretta, 2008) . It is noteworthy that shock heating by meteorite impact can convert phosphate to reduced (P 0 ) species (Friel and Goldstein, 1976; Yakovlev et al., 2006) . Anorthosites on the Moon surface contain schreibersite as the major P-bearing mineral, with scarce amounts of phosphate minerals such as apatite and whitlockite (Ca 3 (PO 4 ) 2 ) (Yakovlev et al., 2006) . Contrary to meteorites, occurrence of phosphide minerals in a terrestrial environment is limited owing to their thermodynamic and kinetic instabilities. Exceptions reported so far include schreibersite, found as trace inclusions in natural metallic iron from the Disko Island, Greenland (Klock et al., 1986) , 200-mm-size grains of barringerite (Fe 2 P) in garnet peridotite from China (Yang et al., 2005) , and schreibersite grains in fulgurites formed by cloud-toground lightning strike (Essene and Fisher, 1986; Pasek et al., 2012) . Recently, a rich occurrence of iron-nickel phosphides were found in pyrometamorphic rocks from Israel and Jordan (Britvin et al., 2015) . The phosphide minerals were inferred to be of terrestrial origin, formed from natural phosphates and trevorite (NiFe 2 O 4 ) at temperatures higher than 1050 C (Britvin et al., 2015) . The solid-state reduction of phosphate to phosphide requires highly reducing and elevated temperature (!400 C) conditions. In industry, the reduction is achieved in high-temperature gaseous hydrogen and methane in the presence of mineral catalysts (Burns et al., 2007; Prins and Bussell, 2012) . If geothermal environments on the Hadean Earth were reducing enough for the occurrence of high concentrations of CH 4 and H 2 , phosphate reduction at localized reductive sites could have been a significant source of reduced P at the time of the origin of life.
Prebiotic synthesis of building blocks of life
Amino acid
Amino acids are the building blocks of proteins, composed of amino (eNH 2 ) and carboxyl (eCOOH) groups together with a sidechain specific to each amino acid. Most protein amino acids are L-aamino acids attaching a hydrogen atom to the a-carbon. Because of their simpler structures compared to other biological components (e.g., nucleobases and ribose), abiotic synthesis of amino acids has been studied in great detail through both experimental and theoretical investigations (Table 1) .
Terrestrial synthesis of amino acids
One of the most important parts of experiments for abiotic amino acid synthesis is the MillereUrey experiment (Miller, 1953) . r, v, au, ay, az, bf i, m, aa, ab, ad, af, aj e, g, n, p, x, y, ba av bk z, ak, al, ar, at, av, bd, be, bh be, bh, bj ac, am, ao Miller (1953); b, Miller (1955) ; c, Oro et al. (1959); d, Groth and Weyssenhoff (1960) ; e, Lowe et al. (1963) ; f, Steinman et al. (1968) ; g, Fox and Windsor (1970) ; h, Bar-Nun et al. (1970) ; i, Sagan and Khare (1971) ; j, Khare and Sagan (1971); k, Van Trump and Miller (1972) ; l, Ring et al. (1972) ; m, Becker et al. (1974) ; n, Hatanaka and Egami (1977) ; o, Kamaluddin et al. (1979) ; p, Yanagawa et al. (1980) ; q, Yanagawa et al. (1982) ; r, Schlesinger and Miller (1983a) ; s, Cronin and Pizzarello (1986) ; t, Kobayashi et al. (1989) ; u, Kobayashi et al. (1990); v, Hirose et al. (1990 v, Hirose et al. ( -1991 ; w, Yanagawa and Kobayashi (1992); x, Hennet et al. (1992) ; y, Marshall (1994); z, Engel and Macko (1997) ; aa, Utsumi and Takahashi (1998) ; ab, Kobayashi et al. (1998) ; ac, Brinton et al. (1998) ; ad, Kobayashi et al. (1999) ; ae, Miyakawa et al. (1999) ; af, Takahashi et al. (1999) ; ag, Pizzarello and Cronin (2000) ; ah, Shi et al. (2001) ; ai, Islam et al. (2001) ; aj, Kobayashi et al. (2001) ; ak, Kminek et al. (2002) ; al, Shimoyama and Ogasawara (2002) By activating an electric discharge in a highly reducing gas mixture of CH 4 , NH 3 and H 2 , which at the time was believed to be representative of the primitive atmosphere, Miller produced proteinamino acids including Gly, Ala and Asp along with two nonproteinones, b-alanine and amino-n-butyric acid (Miller, 1953; Lazcano and Bada, 2003) . The result provided direct experimental support for the "Prebiotic soup" theory proposed by Oparin. Recent re-analyses of the extracts from the MillereUrey experiments in the 1950's detected 23 amino acids, far more than the five reported originally (Johnson et al., 2008; Parker et al., 2011a,b) . Amino acids have also been synthesized from gas mixtures using various types of energy sources including UV (e.g., Steinman et al., 1968; Sagan and Khare, 1971 ), X-ray (e.g., Utsumi and Takahashi, 1998; Takahashi et al., 1999) , and proton irradiation (e.g., Kobayashi et al., 1990 Kobayashi et al., , 1999 (Table 1 ). An important characteristic of the products is that they are not a random mixture of organic compounds; rather, a relatively small number of compounds (including amino acids) are formed in high yields .
The preferential synthesis of a-amino acids occurs through a variation of the Strecker reaction (Strecker, 1850) . The reaction starts from gas-phase production of HCN and aldehydes, followed by condensation of these molecules with NH 3 to form a-aminonitriles in aqueous solution. Subsequent hydrolysis of the nitrile group to the carboxyl group generates a-amino acids ( Fig. 4a ) (Miller and Orgel, 1974; Ruiz-Mirazo et al., 2014) . The structure of aldehyde determines the structure of amino acid; Gly is formed from formaldehyde (HCHO), Ala from acetaldehyde (CH 3 CHO), whereas Ser from glycolaldehyde (HOCH 2 CHO) (Miller and Orgel, 1974) . Asp is formed from condensation of cyanoacetylene (HCCCN) with ammonium cyanide (NH 4 CN), followed by hydrolysis of the nitrile group to the carboxyl group ( Fig. 4b ; Sanchez et al., 1966a; Miller and Orgel, 1974) . Cyanoacetylene is the second major product from a CH 4 /N 2 gas mixture by the action of electric discharge (up to 8.4% of the principal product, HCN) (Sanchez et al., 1966b) . The Strecker route does not directly produce non-a-amino acids; hence another mechanism is necessary to explain their synthesis. bamino acids have been proposed to form from a,b-unsaturated nitriles by the addition of ammonia to the double bond (Michael addition), as from acrylonitrile in the case of b-alanine (Fig. 4d; Buc et al., 1945; Pizzarello et al., 2006) . Although they are energetically less favored, g-and d-amino acids can also be synthesized by the same process from b,g-and g,d-unsaturated nitriles, respectively . Fig. 4 also presents abiotic synthetic pathways of other amino acids reported by Friedmann and Miller (1969a) for Val and Ile, by Van Trump and Miller (1972) for Met and Glu, by Friedmann and Miller (1969b) for Phe and Tyr, and by Shen et al. (1990) for His. Effect of gas composition on the yield and variety of amino acids has been examined by Schlesinger and Miller (1983b) . They showed that reducing gas mixtures of CH 4 , H 2 , and N 2 generate amino acids in excellent yields (up to 4.7% of the initial carbon), whereas only 6 Â 10 À4 % yield of amino acids were obtained from CO 2 and N 2 . In the former system, identified amino acids include Gly, Ala, Asp, Glu, Ser, and Val, whereas Gly was almost the only amino acid produced from the latter gas mixture. More recently, however, using a N 2 /CO 2 gas mixture, Cleaves et al. (2008) demonstrated that the yield of amino acids increased hundreds of times as much as previously reported (up to 2.5% of the initial nitrogen) when the pH of the collecting solution was buffered to maintain a value close to 7, and oxidation inhibitors such as Fe 2þ were added to the solution . Produced amino acids include Gly, Ala, Asp, Gly, Ser, and some non-protein amino acids (b-alanine, g-aminobutyric acid, and a-aminoisobutyric acid). Amino acid synthesis from the atmosphere therefore greatly depends on the oceanic conditions (pH and dissolved species) as well as the redox state of the primitive atmosphere.
a-Hydroxy acids are another major class of products in the MillereUrey type experiments (Miller and Orgel, 1974) . Unlike amino acids, their synthesis does not involve NH 3 (Fig. 4) Moutou et al. (1995) ). Because the mole fraction of NH 3 increases with increasing pH through deprotonation of NH 4 þ (pK a ¼ 9.24 at 25 C and 7.40 at 100 C (Shock and Helgeson, 1988; Shock et al., 1989) ), a-aminonitriles predominate over a-hydroxy nitriles under alkaline pH if NH 3 is abundantly present in the system. It is also noteworthy that formaldehyde strongly accelerates the hydrolysis of a-aminonitriles, and hence kinetically shifts the a-aminonitrile/ a-hydroxynitrile equilibrium in favor of the formation of a-amino acids (Taillades et al., 1998) . In the case of the aminoacetonitrile/ glycolonitrile system, the ratio of their hydrolysis rates is given as 4.2 Â 10 6 [H 2 CO][NH 3 ] at 25 C (Taillades et al., 1998) . If the product
, the formation rate of Gly can exceed that of glycolic acid. The value is still higher than the product of estimated concentrations of H 2 CO (1 Â 10 À3 M; Pinto et al., 1980) and NH 4 þ (3.6e70 mM; Summers and Chang, 1993) in the primitive ocean. However, sufficient concentrations of these compounds could have been met in a local reducing environment, such as a shallow pond in the proximity of a lightning-rich volcanic eruption (Bada, 2004 (Bada, , 2013 .
Hydrothermal systems of amino acids
Another possible source of abiotic amino acids is submarine hydrothermal systems (SHSs) ( Table 1) . It has been shown that high concentrations of NH 3 , HCN and H 2 CO (!50 mM) are excellent starting conditions for the hydrothermal synthesis of amino acids (yields; >1% of initial nitrogen) because they are basic components for the Strecker synthesis (Hennet et al., 1992; Marshall, 1994; Islam et al., 2001) . HCN is formed from the condensation of H 2 CO and (Oro et al., 1959; Kamaluddin et al., 1979) ; hence amino acids (mainly Gly) are also synthesized from the two compounds without HCN (Oro et al., 1959; Kamaluddin et al., 1979) . Contrary to the apparent great successes, some researchers questioned these experiments because of a low probability of the occurrence of the reaction conditions under the primitive SHSs (Aubrey et al., 2009; McCollom, 2013a) . No HCN and H 2 CO have been observed in modern hydrothermal systems. A thermodynamic calculation by LaRowe and Regnier (2008) showed that the stabilities of HCN and H 2 CO relative to CO 2 , N 2 and H 2 (or CO, N 2 and H 2 ) drastically decrease with increasing temperature. NH 4 þ has been detected in modern hydrothermal systems, but has mostly been attributed to biogenic origins (Lilley et al., 1993) . Regarding the duration time of heating, laboratory experiments typically use heating times on the order of minutes to hours, whereas residence times in axial hydrothermal systems range from years (Kadko et al., 2007; Coumou et al., 2008) to decades (Turekian and Cochran, 1986) . Those in lower temperature off-axis diffuse flow systems are possibly on the order of ten thousands of years (Fruh-Green et al., 2003) . Consequently, amino acid formation from NH 3 , HCN and H 2 CO might be possible on the Hadean Earth, but would require special environmental situations, such as concentration of these precursors by evaporation or freezing and rapid heating-cooling cycles to prevent undesirable reactions toward the equilibrium. Both the situations are difficult to attain in SHSs.
Fluids from modern SHSs contain CO 2 (up to 200 mM) and CH 4 (up to 3.4 mM) as major carbon species (Kelley et al., 2001; Tivey, 2007) along with trace amounts of CO (up to 5 mM; Charlou et al., 2002) . So far, there is no experimental evidence that amino acids were directly produced from CO 2 although a possibility has been proposed that CO 2 reduction by FeS and H 2 S through a sequence of proto-metabolic reactions leads to the formation of amino acids (Wachtershauser, 1990 (Wachtershauser, , 2000 . Amino acid formation from CH 4 in hydrothermal solution has been experimentally demonstrated by Yanagawa and Kobayashi (1992 ) as catalysts. Thermodynamically, synthesis of amino acids from CH 4 requires much larger amounts of extra energy than those from CO 2 because CH 4 formation from CO 2 is a strong thermodynamically favorable
e195 kJ mol À1 at 25 C and 250 bar (calculated using the relevant thermodynamic data reported by Helgeson and Kirkham (1974) , Shock et al. (1989) , and Shock and Helgeson (1990) )). For CO, the primitive SHSs could have provided a much higher concentration than the present level. Using a high concentration of CO (1e75 bar) together with 1.33e2 mM CN -, Huber and Wachtershauser (2006) produced Gly and Ala (up to 0.17 and 0.015 mM, respectively) by conducting a hydrothermal experiment under alkaline pH (9e12.5) in the presence of Ni/Fe precipitates (sulfides and hydroxides) at 100 C. One concern for the CO-driven synthesis is that CO rapidly reaches equilibrium with CO 2 at high temperature conditions (e.g., the half-life for CO oxidation to CO 2 at 350 C is w2 min; McCollom and Seewald, 2003; Seewald et al., 2006) . If the residence time of high-temperature fluid in the primitive SHSs was sufficiently long for the COeCO 2 equilibrium, thermodynamic drives for abiotic synthesis of amino acids from CO and CO 2 will be similar.
Taken together, current scientific knowledge denies the possibility that the primitive SHSs provided amino acids in sufficient concentrations to support the chemical evolution of life.
Extraterrestrial input of amino acids
Since the first detection from the Murchison (CM2) meteorite in the early 1970s (Kvenvolden et al., 1970; Oro et al., 1971) , extraterrestrial amino acids have been observed in various types of carbonaceous chondrites ), comets (Elsila et al., 2009 , and micrometeorites (Brinton et al., 1998) . To date, over 80 kinds of amino acids have been identified in carbonaceous chondrites, including 12 protein-amino acids of Ala, Asp, Glu, Gly, Ile, Leu, Phe, Pro, Ser, Thr, Tyr, and Val (Sephton, 2002; Glavin et al., 2011; Burton et al., 2012) . Their total abundances in chondrites range from 0.2 ppm (CB chondrite; Burton et al., 2013) to 2400 ppm (CR2 chondrite; Pizzarello and Shock, 2010) . CR2s are the most primitive, least altered chondrites (Cody and Alexander, 2005; Alexander et al., 2010) , and typically have a higher concentration of amino acids than chondrites that experienced more severe aqueous or thermal alteration in meteorite parent bodies (Burton et al., 2012) . The amount and variation of amino acids in comets and IDPs are not well known, but comets contain about 10 times the amount of organics found in carbonaceous chondrites (Delsemme, 1991; Alexander et al., 2007) . Organic matter in carbonaceous chondrites and comets has been inferred to have formed from a common precursor material that originated in the outer Solar system and/or in the interstellar medium (Alexander et al., 2007; Herd et al., 2011) . Therefore, amino acid concentration in comets could amount to the order of 10,000 ppm, a value several times higher than those in CR2 chondrites.
An important characteristic of meteoritic amino acids is enantiomeric excess of the left-handed amino acids over the righthanded counterparts (Burton et al., 2012) . The L-amino acid excess was first discovered in the four stereoisomers of 2-amino-2,3-dimethylbutanoic acid in the Murchison meteorite (Cronin and Pizzarello, 1997) . Since then, several a-dialkyl amino acids (isovaline, a-methylnorleusine, a-methylvaline, a-methylnorvaline, and a-methylisoleucine) were found to have slight to significant L-excesses ranging from nearly 0 to 60% (Glavin and Dworkin, 2009; Burton et al., 2013) . In contrast toahydrogen amino acids found in biology, a-dialkyl amino acids are highly resistant to racemization (conversion of one enantiomer to the other) under aqueous and radiogenic conditions (Burton et al., 2012) . Therefore, these amino acids could have preserved their enantiomeric properties for a long period since their delivery onto the primitive Earth, and contributed to the origin of biological homochirality by transferring their asymmetry to the a-hydrogen protein amino acids or other prebiotic compounds (Pizzarello and Weber, 2004) . In fact, a-methyl amino acids are known to have strong helix inducing and stabilizing effects (Altmann et al., 1988) . The property could have supported the stereoselectivity of secondary structures of long peptides (Brack and Spach, 1981) .
Amino acids could have been formed on the primitive Earth through meteorite impacts and comets (Bar-Nun et al., 1970; Goldman et al., 2010) . However, yields of amino acids from nonreducing gas mixtures (e.g., CO 2 and N 2 ) are extremely low (<<1%). For instance, Furukawa et al. (2009) observed 24 picomolar Gly (w10 À6 % of initial carbon) produced from a highvelocity impact into a mixture of solid carbon, water, ammonia and Fe and Ni metals. Martins et al. (2013) applied a shock impact (w7 km/s) into an ice mixture mimicking the ice present in comets, comprised of NH 4 OH, CO 2 and CH 3 OH in the molar ratio of 9.1:8:1. Some amino acids were observed with their total yield of 3900 ng (w8 Â 10 À5 % of initial carbon). The contribution of the impact event to the origin of life on Earth would therefore be minor.
Peptide
Polymerization of amino acids to peptides requires the removal of water molecules from the amino and carboxyl groups of the reaction partners (eNH 3 þ þ -OOCe / eNHOCe þ H 2 O). As a consequence, the peptide synthesis in water is both a thermodynamically and kinetically unfavorable process. For dimerization of the simplest amino acid "Gly" to glycylglycine (GlyGly) in water at 25 C and neutral pH, the required Gibbs energy is 14.84 kJ mol
À1
, and the equilibrium constant is 2.51 Â 10 À3 (Kitadai, 2014) . The value indicates that less than 0.01% of Gly is converted into GlyGly unless the initial Gly concentration is extremely high (e.g., >100 mM). The equilibrium constant increases at higher temperatures (Shock, 1992b; Kitadai, 2014) . Thus, some researchers argued that polymerization of amino acids occurred in SHSs on the primitive Earth (e.g., Imai et al., 1999; Lemke et al., 2009) . Such reactions proceed more readily at alkaline pH (Zamaraev et al., 1997; Sakata et al., 2010) . The occurrence of high temperatures and alkaline solutions has been observed in serpentine-hosted hydrothermal systems (Kelley et al., 2001 (Kelley et al., , 2005 Suda et al., 2014) , which could have prevailed under the primitive ocean floor (Shibuya et al., 2010) . However, temperature increase also favors decomposition of amino acids (Qian et al., 1993; Cox and Seward, 2007; McCollom, 2013a) . The temperature dependences of decomposition rates of amino acids are typically greater than those of polymerization; the activation energies of dimerization and decarboxylation of Gly are 88 kJ kJ mol À1 (Sakata et al., 2010) and 138.4 kJ mol À1 (Li and Brill, 2003) , respectively. Consequently, it is unclear whether SHSs could sustain the abiotic formation of peptides necessary to initiate life. To overcome the difficulties noted above, several mechanisms have been proposed including (1) a solid-state reaction based on melting of amino acids (Fox and Harada, 1958, 1960; Fox, 1964) , (2) chemical modifications of amino acids using condensation agents such as cyanates (Flores and Leckie, 1973) , cyanamides (Steinman et al., 1964 (Steinman et al., , 1965a (Steinman et al., , 1966 Steinman and Cole, 1967) , imidazole (Sawai et al., 1975; Sawai and Orgel, 1975a; Weber et al., 1977; Ferris et al., 1996) , linear and cyclic polyphosphates (Rabinowitz et al., 1969; Chung et al., 1971; Yamanaka et al., 1988) , and nucleoside triphosphate (ATR, CTP, GTP and UTP) (Weber et al., 1977; Rishpon et al., 1982) , and (3) heterogeneous systems involving mineral surfaces and metal cations working as catalysts and/or condensation agents (Basiuk et al., 1990 (Basiuk et al., -1991 Rimola et al., 2005 Rimola et al., , 2007 Napier and Yin, 2006; Kitadai et al., 2011 Kitadai et al., , 2017 Kitadai, 2017) . Later on, it was argued that the occurrences of the former two mechanisms on the primitive Earth were unlikely or had at most only a marginal probability of taking place at specific locations. Therefore, the present review does not include the two topics; their realizations in a primitive Earth environment has been discussed in , , and Fitz et al. (2007) .
Peptide synthesis in tidal pools
The effects of metal cations on the polymerization of amino acids have been thoroughly studied by Rode and co-workers simulating tidal pool environments (e.g., Schwndinger and Rode, 1989, 1991) . In the "salt-induced peptide formation" (SIPF), they showed that amino acids polymerized effectively in wetting-drying cycles at temperatures between 60 and 90 C and with acidic pH (2-3) in the presence of NaCl and Cu 2þ . NaCl acts as a dehydration agent of amino acid to peptide in the process of drying, whereas , Cr 3þ ) have also been examined for their catalytic efficiencies in a similar reaction system, but no enhancement of peptide formation has been observed (Schwndinger and Rode, 1989; Rode and Schwendinger, 1990) . The SIPF reaction produces certain amino acid linkages preferentially, rather than random sequences with equal probability (Rode et al., 1997) . For instance, some L-amino acids give better yields of dipeptides than the D-forms. The stereoselectivity was first discovered for Ala with a slight preference of L-Ala over D-Ala in dimerization (9%; Plankensteiner et al., 2004a) . Later on, Val was found to have much better performance in the SIPF reaction (the L-L/D-D ratio of >7.75; Plankensteiner et al., 2005a) . As another example, a-amino acids have been shown to have different polymerization behaviors compared to b-and g-analogs. a-aminobutylic acid preferably linked to glycine when competing with the b-analog in a short reaction time, although longer reaction times favor the b-containing peptides because they resisted hydrolysis better than their a-counterparts (Schwendinger et al., 1995) . Such selective polymerizations could have biased the sequence of proteins formed on the primitive Earth Rode et al., 2007) . Another important feature of this system is that some amino acids catalyze the formation of homo-dipeptides of other amino acids. This effect, called "mutual amino acid catalysis", is achieved effectively with Gly, His, and Gly dipeptides (GlyGly and diketopiperadine; DKP) Plankensteiner et al., 2002 Plankensteiner et al., , 2005b Reiner et al., 2006; Fitz et al., 2008; Li et al., 2008 Li et al., , 2010a . A drawback of this system is that only short peptides are formed in the process (up to tri-peptide from mono-amino acids). Yields of peptides are not significant; the maximum yields of homodipeptides reported so far are 6.90% for Ala , 0.7818% for Arg (Li et al., 2010a) , 0.5% for Asp (Plankensteiner et al., 2002) , 8.56% for Gly (Saetia et al., 1993) , 0.30% for Leu , 8.66% for Lys , 2.87% for Met (Li et al., 2008) , 14.41% for Pro , 3.5% for Ser (Plankensteiner et al., 2005c) , 0.014% for Trp , and 2.23% for Val . A combination with oxide minerals and clays improves the situation (Le Son et al., 1998; , but is still insufficient to make polypeptides have ordered secondary structures.
Amino acid polymerization in volcanic hydrothermal environments
Longer peptides with better yields have been obtained in experiments simulating volcanic hydrothermal environments. Huber and Wachtershauser (1998) conducted a heating experiment of 50 mM amino acids (Gly, Phe, and Tyr) with 1 bar CO and 50 mM H 2 S (or CH 3 SH) at 100 C in the presence of (Fe,Ni)S precipitates. After 1e4 days heating under alkaline pH (8-9.5), they observed the formation of dimers in the yield up to 6.2%, together with trace amounts of trimers. Because amino acid polymerization is thermodynamically unfavorable in aqueous solution, their results indicate that any thermodynamically favorable reaction co-existed in that system, and coupled with the polymerization to drive. Later detailed analyses of reaction intermediates revealed that the driving force was hydrolysis of carbonyl sulfide (Huber et al., 2003; Leman et al., 2004) 
is -21.45 kJ mol À1 ; calculated using the relevant thermodynamic data reported by Wagman et al. (1982) . COS is formed from the condensation of CO and H 2 S, and reacts with the amino group of an amino acid to give the amino acid thiocarbamate (Fig. 5) . Intramolecular cyclization of this molecule forms the a-amino acid Ncarboxyanhydride (NCA). NCA then reacts with another amino acid and subsequent decarboxylation produces dipeptides (Fig. 5) . A similar condensation process also occurs between COS and dipeptides to give longer peptides (Fig. 5) ) and oxidizing agents (Leman et al., 2004) . When 70 mM phenylalanine thiocarbamate was mixed with 100 mM potassium ferricyanide (K 3 Fe(CN) 6 ) at room temperature, 63% yield of dipeptide was obtained in 5 min, along with 13% tripeptide, 3% tetrapeptide, and trace amounts of pentaand hexapeptides (Leman et al., 2004) .
Importantly, COS mediates the aminoacyl bond formation between amino acids and phosphates via NCAs ( Fig. 5 ; Biron and Pascal, 2004; Leman et al., 2006) . The reaction also occurs between NCAs and nucleoside monophosphates to give aminoacyl nucleotides ( Fig. 5 ; Biron et al., 2005; Leman et al., 2006) . The aminoacyl bond has a high hydrolysis energy; hence an incubation of orthophosphate with COS and amino acids generates pyrophosphate as well as aminoacyl phosphate anhydrides ( Fig. 5 ; Leman et al., 2006) . It is also worth noting that the hydantoin derivative resulting from a glycine peptide has a close structural similarity to the imidazole ring of the purine bases (Fig. 5; Huber et al., 2003) . These connections between peptides and nucleic acids via COS, a simple volcanic gas, suggests that the present-day's linkage between protein enzyme and DNA/RNA replication is a consequence of their co-evolution from the very beginning of the origin of life.
The present level of COS in volcanic gases is only up to 0.09% (Symonds et al., 1994) . However, a recent geochemical study suggested that the Hadean continental crust was significantly more reducing than its present condition by the fO 2 value up to w8 log units (Yang et al., 2014) . Such reducing crust generates highly reducing volcanic exhalations with high molar ratios of CO/CO 2 , H 2 S/SO 2 , and NH 3 /N 2 (Mikhail and Sverjensky, 2014; Yang et al., 2014) . The COS-driven peptide bond formation and phosphate activation, could therefore have been a significant driving force for the chemical evolution of life.
Ribose
Ribose is a monosaccharide containing five carbon atoms that, in its open chain form, has an aldehyde functional group at one end The best studied mechanism relevant to the prebiotic synthesis of ribose is the formose reaction (Breslow, 1959 ) that was originally discovered by Butlerow more than 150 years ago (Butlerow, 1861) . This reaction is a series of polymerizations of formaldehyde (H 2 CO) starting from a very slow conversion of two H 2 CO molecules to glycolaldehyde, followed by a rapid fixation of HCHO to yield carbohydrates as intermediates on the way to more complex, tarry mixtures (Fig. 7) . It proceeds with three types of reactions characteristic of compounds having a C]O (carbonyl) group: (1) deprotonation of the carbon atom next to the C]O ("enolization") to give an enediolate, (2) attack of the resulting enediolate nucleophile on a C]O electrophile to form a new CeC bond ("aldol addition"), and (3) retroaldol fragmentation of higher species to generate lower carbohydrates (Kim et al., 2011; Ritson and Sutherland, 2012) . The polarity inversion of intrinsically electrophilic carbonyl carbon of H 2 CO to nucleophile requires highly alkaline conditions (pH > 10) with Ca 2þ as a catalyst. As a consequence, to make the initial step of the formose reaction (2H 2 CO / glycolaldehyde) possible, laboratory experiments have typically been conducted in Ca(OH) 2 suspensions at pH 10e11 and 60e80 C (Benner et al., 2012) . Several problems have been recognized for the ribose synthesis via the formose reaction (Shapiro, 1988; McCollom, 2013b) . First, ribose is merely an intermediate product among a broad suite of compounds including sugars with more or fewer carbons, as well as structural isomers with the same number of carbons as ribose (Decker et al., 1982) . As a consequence, the yield of ribose is typically less than 1% (Shapiro, 1988) . Second, reaction time is a critical factor controlling the yield and structure of sugars. The formose reaction initially shows a lag period in which slow conversion of H 2 CO occurs. During this period, C 4 , C 5 , C 6 , and C 7 carbohydrates accumulate (Ricardo et al., 2006 ). This lag period is then followed by a rapid loss of H 2 CO, after which the sample solution turns yellow, then brown. Further incubation generates mixtures that progressively become an insoluble product termed tar. The yield of sugars reaches a maximum at the "yellowing point", and then declines (Shapiro, 1988) ; thus, the reaction must be stopped at this point to obtain formose sugars. Third, the formose reaction requires a high concentration of H 2 CO (!0.1 M). The concentration of H 2 CO in the primitive ocean has been estimated to be 10 À3 M by Pinto et al. (1980) , assuming its production in a reducing atmosphere and an accumulation period of 10 7 years (no decomposition of H 2 CO in the ocean was taken into account). The value would be an overestimation because H 2 CO readily undergoes a variety of reactions in aqueous solution (Cleaves, 2008) . A possible loss channel for H 2 CO is the Cannizzaro reaction, which converts two H 2 CO molecules into one molecule of formate (HCOO -) and one molecule of methanol (CH 3 OH) (Benner et al., 2012) . At such low concentrations ( 10 À3 M), no sugar products have been observed even in the presence of effective catalytic minerals and salts (Gabel and Ponnamperuma, 1967; Reid and Orgel, 1967; Cairns-Smith et al., 1972; Schwartz and De Graaf, 1993) . Fourth, ribose rapidly decomposes in aqueous solution. The half-life of ribose is 73 min at 100 C and pH 7.0, and 44 years at 0 C and pH 7.0 (Larralde et al., 1995) . The instability of ribose has led some researchers to explore the possibility that ribose and other sugars were not components of the first genetic material, and were preceded by simpler and more stable compounds, such as peptide nucleic acids (Nielsen, 1993; Larralde et al., 1995; Nielson et al., 2000) . Recognition of these problems has led experimentalists to explore more effective catalysts for the ribose synthesis, which are expected to be present on the primitive Earth. Several inorganic ions have been found to enhance the yields of pentoses (including ribose) in the formose reaction, including borate (Ricardo et al., 2004) , silicate (Lambert et al., 2010a) and lead (Zubay, 1998) . The most promising mechanism reported so far is the borate-mediated ribose synthesis. In the presence of Ca(OH) 2 (0.5 M, pH w12), a solution of glycolaldehyde and glyceraldehyde rapidly turns brown (1 h at 25 C and 10 min at 45 C) (Ricardo et al., 2004) . When the same incubation is done with borate minerals of ulexite (NaCa-B 5 O 9 $8H 2 O), kernite (Na 2 B 4 O 7 ), or colemanite (Ca 2 B 6 O 11 $5H 2 O), the solution does not turn brown, even after 2 months (Ricardo et al., 2004) . A chromatographic analysis confirmed a selective formation of ribose from the mixture (Ricardo et al., 2004) .
Borate forms a complex with organic molecules that carry 1,2-dihydroxyl groups (Benner, 2004) . Although glycoaldehyde does not have the functional unit, it binds borate with its hydroxylketone groups ( Fig. 7 ; Benner et al., 2012) . The complexation increases the rate of enolization, and facilitates aldol reactions to form glyceraldehyde as a nucleophile (Benner et al., 2012) . Borate then suppresses enolization of glyceraldehyde, and prevents it from acting as a nucleophile (Benner, 2004) . Glyceraldehyde nevertheless remains electrophilic, so it reacts with the enediolate of glycolaldehyde to form pentoses ( Fig. 7; Benner, 2004) . Once formed, the cyclized forms of the pentoses make stable, less reactive complexes with borate because they lack reactive C]O groups (Benner, 2004) . The borate complex of ribose is especially stable because of a network of hydrogen bonding permitted by its stereochemistry ( Fig. 7 ; Kim et al., 2011) . If equilibration is possible, ribose and two pentuloses (ribulose and xylulose) accumulate as the predominant pentoses from a mixture (Benner et al., 2012) . Silicate also forms complexes with sugars through the 1,2-dihydroxyl unit, and stabilizes them (Lambert et al., 2010a,b; Vazquez-Mayagoitia et al., 2011) . But the stabilizing effect is weak compared to borate (Kim and Benner, 2010; Kim et al., 2011) .
Boron is a quintessential crustal element, enriched in the upper continental crust compared to other reservoirs (Grew et al., 2011) . Some terrestrial environments show marked enrichment in boron; for instance, a highly evolved granitic pegmatite from southeastern Manitoba, Canada contains boron with the concentration as much as 213 ppm on average (Stilling et al., 2006) . If a granitic continental crust had differentiated at the time of the origin of life, borate-rich conditions sufficient to stabilize ribose could have occurred (e.g., in an intermountain dry valley; Benner et al., 2012) and played a positive role in the chemical evolution.
Another issue to be addressed is the chirality problem; a biological system exclusively uses D-ribose, whereas abiotic experiments synthesize both D-and L-ribose in equal amounts. A potential solution to this problem is the asymmetric formation of sugars catalyzed by enantiomeric amino acids (Pizzarello and Weber, 2004) . Pizzarello and Weber (2004) found that nonracemic Ala and isovaline influenced chiral configurations of tetrose formed from glycolaldehyde condensation. The largest enantiomeric excess (ee) of 10.6% was observed for D-threose with L-isovaline catalyst. The catalytic effect is more effective in the case of di-and tri-peptides than single amino acids, with ee in the tetrose products of over 80% (Weber and Pizzarello, 2006) . LLdipeptides of branched amino acids (e.g., L-Ile-L-Val) are better catalysts than those of unbranched counterparts (Pizzarello and Weber, 2010) . L-ee of amino acids has been observed in carbonaceous chondrites , so the exogenous delivery of L-enriched amino acids during the impact period of the early Earth could have provided a continuous chiral influence in prebiotic sugar synthesis. Fig. 8 shows structures of primary nucleobases found in DNA and RNA; adenine (A), cytosine (C), guanine (G), thymine (T) and uracil (U). A, C, G, and T appear in DNA, whereas T is replaced by U in RNA. T and U are identical except that U lacks the 5 0 methyl group (Fig. 8) . A and G belong to the double-ringed class of molecules called purines, whereas C, T, and U are all pyrimidines. Although DNA and RNA contain dozens of modified nucleobases in addition to the five primary ones (e.g., 5-methylcytosine (m 5 C), 7-methylguanosine (m 7 G)), this review focuses on the synthesis of the five bases under simulated prebiotic conditions. To date, a number of possible precursors, conditions, and catalysts have been tested experimentally for the abiotic synthesis of nucleobases, as is summarized in Table 2 and illustrated in Fig. 9 . The first synthesis of A was reported by Oro in 1960 (Oro, 1960 , who heated highly concentrated NH 4 CN (1-15 M) for several days at temperatures up to 100 C. After removal of a black polymer and treatment of the supernatant with HCl, A was identified in the yield of 0.5% of the initial NH 4 CN (Oro and Kimball, 1961) . Later on, a similar experiment with detailed product analysis showed that G was also synthesized from NH 4 CN (10 M) by heating at 80 C for Figure 7 . The role of borate in the selective synthesis of ribose through the formose reaction as described by Benner et al. (2012) . Figure 8 . Structures of the primary nucleobases found in DNA and RNA. 24 h, but the yield was 10 to 40 times less than that of A . The reaction starts from polymerization of four HCN molecules to diaminomaleonitrile (Fig. 9) . The HCN tetramer then reacts with formamidine, a condensation product of HCN and NH 3 , to give 4-aminoimidazole-5-carbonitrile (Orgel, 2004) . Subsequent condensations of this compound with small molecules (e.g., H 2 O, HCN, C 2 N 2 ) produce a variety of purines including A and G (Orgel, 2004) . The rate of HCN polymerization is proportional to the square of the HCN concentration. In contrast, hydrolysis of HCN to formic acid and ammonia (HCN þ 2H 2 O / HCOOH þ NH 3 ) is first-order in HCN (Sanchez et al., 1967) . Consequently, polymerization occurs dominantly over hydrolysis in a concentrated HCN solution, whereas hydrolysis predominates in a dilute one; the two reactions become equally important for the HCN concentration between 0.01 and 0.1 M at pH 8-9 and 0-60 C (Sanchez et al., 1967) . The value is several orders of magnitude higher than the steady state concentration of HCN in the primitive ocean estimated by Miyakawa et al.
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(2002a) (7 Â 10 À13 M at 100 C and pH 8, and 2 Â 10 À6 M at 0 C and pH 8). Because HCN is more volatile than water, evaporation of seawater cannot concentrate HCN if the pH is lower than the pKa of HCN (9.2 at 25 C). Instead, eutectic freezing is an effective mechanism to concentrate HCN (Sanchez et al., 1966b) . When a HCNwater mixture is cooled to the eutectic temperature (-21 C), the eutectic contains an extremely high concentration of HCN (78 wt.%) (Miyakawa et al., 2002b) . It has been shown that cooling a dilute solution of HCN to below 0 C leads to the formation of A and G Levy et al., , 2000 , even when the initial NH 4 CN concentration is as low as 0.001 M (Miyakawa et al., 2002b) . Such a freezing event would rarely happen in the primitive ocean, but might have occasionally occurred in localized aquatic environments (e.g., a shallow pond) on the Hadean continent. One concern for these experiments is that the examined HCN solutions contain no salt, which would have been present in the primitive environments. Salts possibly influence the stability of HCN and the eutectic temperature and hence, the polymerization behavior of HCN (Miyakawa et al., 2002b; McCollom, 2013b) . HCN polymerization does not generate pyrimidine. Because bonds between carbon and a hetero atom (e.g., CeN, C]O) are more readily constructed than a CeC bond, pyrimidine syntheses have typically been started from C 3 compounds such as cyanoacetylene and its hydrolysis product, cyanoacetaldehyde (Shapiro, 1999) . It has been shown that cyanoacetylene generates C (up to 19% yield) by a condensation with potassium cyanate (KNCO) at 100 C for 24 h (Ferris et al., 1968) . The yield decreases with the reactant concentrations, but 1% yield was still obtained from 0.002 M cyanoacetylene and 0.004 M KNCO (Ferris et al., 1968) . Cyanoacetylene is the second major N-containing product from a CH 4 /N 2 gas mixture from the action of electric discharge (up to 8.4% of the principal product, HCN) (Sanchez et al., 1966a) . Cyanate is formed from the hydrolysis of cyanogen (Wang et al., 1987) , which Fox and Harada, 1961; b, Oro and Kimball, 1961; c, Ponnamperuma et al., 1963a; d, Wakamatsu et al., 1966; e, Sanchez et al., 1966b; f, Ferris et al., 1968; g, Hayatsu et al., 1968; h, Stephen-Sherwood et al., 1971; i, Hayatsu et al., 1972; j, Ferris et al., 1974; k, Harada and Suzuki, 1976; l, Chittenden and Schwartz, 1976; m, Schwartz and Chittenden, 1977; n, Ferris et al., 1978; o, Ferris and Joshi, 1979; p, Subbaraman et al., 1980; q, Schwartz et al., 1982; r, Voet and Schwartz, 1982; s, Yuasa et al., 1984; t, Robertson and Miller, 1995; u, Levy et al., 1999; v, Levy et al., 2000; w, Nelson et al., 2001; x, Saladino et al., 2001; y, Miyakawa et al., 2002b; z, Hill and Orgel, 2002 is generated by a high-temperature heating (770-975 C) of HCN and acetylene (C 2 H 2 ) in the gas phase (Krebaum, 1966) . A drawback of this system is the instability of cyanoacetylene. Cyanoacetylene hydrolyzes to cyanoacetaldehyde with a half-life (t 1/2 ) of 10 days at pH 9 and 30 C (Ferris et al., 1968 (Ferris et al., , 1974 . Cyanoacetaldehyde is more stable than cyanoacetylene (t 1/2 ¼ 31 years at pH 9 and 30 C; Ferris et al., 1974) . It produces C and U in incubation with urea or guanidine (Ferris et al., 1974; Robertson and Miller, 1995) . The reaction with urea requires a concentrated urea solution (>0.1 M; Shapiro, 1999) or a dry condition (Nelson et al., 2001) , whereas that with guanidine yields both C and U even from the reactant concentrations as low as 0.005 M (Ferris et al., 1974) . Guanidine is formed from NH 4 CN on the action of heating (Lowe et al., 1963) and UV irradiation (Lohrmann, 1972) . Once formed, guanidine can continue to exist in water for a long period (t 1/2 ¼ 5 Â 10 5 years at pH 9 and 30 C; Ferris et al., 1974) .
Thus, the cyanoacetaldehydeeguanidine system could have offered an effective route to the pyrimidine synthesis that was significant for the origin of life (Ferris et al., 1974) . Purines and pyrimidines have also been synthesized by heating pure formamide at 100e160 C in the presence of mineral catalysts (Saladino et al., 2012a,b) . In contrast to HCN, formamide has a high boiling point (210 C) with a limited azeotropic effect with water (Ruiz-Mirazo et al., 2014). The stability in water is relatively high compared to other HCN derivatives (t 1/2 ¼ 199 years at 25 C and 7.3 days at 120 C under neutral pH; Slebocka-Tilk et al., 2002) . Thus, formamide could have been readily concentrated in lagoons or drying ponds on the primitive Earth.
Moreover, various routes for the prebiotic synthesis of U have been proposed, including the reaction of urea with malic acid (Fox and Harada, 1961) , acrylonitrile (Oro, 1963) , propiolic acid (Harada and Suzuki, 1976), and b-alanine (Chittenden and Schwartz, 1976; Schwartz and Chittenden, 1977) . Photo-decarboxylation of orotic acid produces U (Ferris and Joshi, 1979). Hayatsu et al. (1968 Hayatsu et al. ( , 1972 synthesized U with a Fischer-Tropsch-type reaction of CO/H 2 /NH 3 gas mixtures.
Note that nucleobases have relatively short lifetimes in aqueous solution; the half-lives of A, C, G, T and U at 100 C and pH 7 are 1 year, 19 days, 0.8 years, 56 years and 12 years, respectively (Levy and Miller, 1998) . To accumulate nucleobases in prebiotic environments, they must be synthesized at higher rates than their decomposition. It is unlikely that such a situation was met in bulk ocean water (Shapiro, 1995 (Shapiro, , 1999 . However, localized reducing environments with highly concentrated HCN and its derivatives could have favored the formation and accumulation of nucleobases.
Carbonaceous chondrites contain a variety of purines and pyrimidines including A, G, and U, with their total concentration up to 500 ppb Burton et al., 2012) . It is unlikely that these extraterrestrial nucleobases played a significant role in life's origin because of their very low concentrations. However, the findings of meteoritic nucleobases show clear evidence that they can be formed abiotically through geochemical processes. Elucidation of their formation mechanism would provide important hints for the chemical evolution of nucleobases on the primitive Earth.
Fatty acid
All biological cells are bound by lipid membranes. Cell membranes provide a semipermeable barrier that retains and protects genetic materials and metabolic activities within the cellular space, while potentially allowing small molecules to diffuse in and out of the cell (Chen and Walde, 2010; Schrum et al., 2010) . They also provide a physical boundary between self and non-self, which is necessary to prevent the random interaction of replicator enzymes (replicases) and to reduce the problem of inactive parasites. These properties are a minimum requirement for Darwinian evolution (Szostak et al., 2001) .
Modern cell membranes are composed primarily of doublechain amphiphiles, particularly glycerol phosphate phospholipids ( Fig. 10 ; Lombard et al., 2012) . Because of their geometry, phospholipid membranes lack the dynamic properties required for membrane growth and division, as well as for the uptake of charged compounds by passive diffusion (e.g., the permeability of K þ is in the range of 10 À10 to 10 À12 s/cm; Paula et al., 1996) Chen et al., 2005) . They can undergo repeated cycles of growth and division without the loss of cell contents (Zhu and Szostak, 2009; Budin et al., 2012) . Additionally, fatty acid membranes allow rapid permeation of ribose compared with other aldopentoses or hexoses (Sacerdote and Szostak, 2005) . The kinetic advantage could have allowed faster assimilation of ribose from the surrounding environment to the primitive cells. Moreover, condensations of fatty acids with glycerol and phosphate have been shown to yield phospholipids under hypothetical prebiotic conditions (Hargreaves et al., 1977; Rao et al., 1982 Rao et al., , 1987 . This observation provides a conceptually simple route for the transition from primitive to modern membranes. For these reasons and others, fatty acids have been recognized as the most appropriate building blocks for the membranes of early cells (Schrum et al., 2010; Blain and Szostak, 2014) . The most widely invoked pathway for the formation of fatty acids in geochemical environments is the Fischer-Tropsch synthesis (FTS) (MuCollom and Seewald, 2007; McCollom, 2013c) . The reaction mechanism was originally explored by Franz Fischer and Hans Tropsch in the 1920s (Ficher and Tropsch, 1926) as a means of synthesizing hydrocarbons from a gas mixture of CO and H 2 in a surface-catalyzed process. FTS exclusively produces linear saturated hydrocarbons that decrease in abundance with an increasing number of carbons (McCollom, 2013b) . Fatty acids and fatty alcohols are minor by-products of FTS. FTS proceeds effectively in the gas phase, but also occurs in a high-temperature and high-pressure aqueous solution that resembles deep-sea hydrothermal environments. At the optimal temperature conditions (150e250 C), fatty acids up to C 22 have been observed from solutions of formic (HCOOH) and oxalic acid (HOOCeCOOH) (McCollom et al., 1999; Rushdi and Simoneit, 2001; McCollom and Seewald, 2006) . These acids decompose rapidly to CO 2 and H 2 under hydrothermal conditions, and hence were used as carbon and hydrogen sources to circumvent practical difficulties of adding these volatile gases to water. Later on, however, these experiments were questioned on the basis that organic syntheses occurred not in solution, but either in the vapor headspace in fixed-volume reactors, or in the H 2 -rich vapor bubbles formed on the surfaces of solids in reactors (McCollom, 2013b,c) . Subsequent experiments with no gas phase in reaction vessels showed that the products in water were dominantly CH 4 with small amounts of light hydrocarbons (up to C 5 ), even in the presence of mineral catalysts Seewald, 2001, 2003; Foustoukos and Seyfried, 2004; Ji et al., 2008) . The yields of CH 4 are generally low, even in strongly thermodynamically favorable conditions and after extended reaction times (w0.5% conversion by 1062 h heating at 390 C; Foustoukos and Seyfried, 2004, w0 .5% conversion by 2086 h heating at 260 C; McCollom and Seewald, 2003) . One exception is an experimental report by Horita and Berndt (1999) , where an almost complete conversion of CO 2 to CH 4 was observed within 350 h at 300 C in the presence of Ni/Fe-alloy (awaruite). In sub-seafloor environments, Ni/Fe-alloys are formed through hydrothermal alteration of ultramafic rocks (Alt and Shanks, 2003; Klein and Bach, 2009 ). Thus, the Ni/Fe-alloy-catalyzed synthesis could well be a key mechanism controlling the CH 4 concentration in serpentine-hosted hydrothermal systems such as Lost City (0.13e0.28 mM; Kelley et al., 2001) and Rainbow (2.5 mM; Charlou et al., 2002) . Note that the catalytic activity of Ni/Fe-alloy observed by Horita and Berndt (1999) is exclusive for CH 4 synthesis because no ethane and propane were observed over the detection levels of analysis. In accordance with this result, the concentration of light hydrocarbons (C 2 H 5 , C 3 H 8 , etc.) in submarine hydrothermal fields are typically much smaller than that of CH 4 (the molar ratio of CH 4 / (C 2 H 5 þC 3 H 8 þ.) ranges from w100 to >8000; McCollom and Seewald, 2007) . Consequently, the role of hydrothermal systems in the formation of membraneeforming compounds remains elusive.
Fatty acids up to C 12 have been synthesized from reducing gas mixtures by the action of electric discharge (Allen and Ponnamperuma, 1967; Yuen et al., 1981) and UV radiation (Groth and Weyssenhoff, 1960) , and from a shock heating experiment mimicking a meteorite impact (Furukawa et al., 2009 ). Mechanisms of these processes have not yet been investigated.
Another source of fatty acids is carbonaceous chondrite (Sephton, 2002; Pizzarello et al., 2006) . In Murchison meteorite, monocarboxylic acids are the most abundant compounds in the soluble organic material (Sephton, 2002) . The concentration of the most abundant monocarboxylic acid, propanoic acid (1.83 mmol/g of meteorite; Lawless and Yuen, 1979 ) is around 58 times greater than the most abundant amino acid, Gly (0.041 mmol/g; Pereira et al., 1975) . Monocarboxylic acids in carbonaceous chondrite show high structural diversity; they contain equal concentrations of branched and straight-chain isomers that decrease in abundance with increasing carbon number (Sephton, 2002; Pizzarello et al., 2006) . The mechanism of their formation is still not well known, but is possibly generated from interstellar gas mixtures by UV radiation (Dworkin et al., 2001 ) and/or a high temperature FischerTropsch-type reaction (Nooner et al., 1976) . In aqueous solution, they can spontaneously assemble into membrane vesicles under alkaline pH (pH ! 10) (Deamer, 1985) .
It is noteworthy that the amphiphilic molecules formed through prebiotic processes or delivered by meteorites are both highly heterogeneous in terms of chain length and head group chemistry. Membranes composed of mixtures of amphiphiles often show superior properties to those composed of single pure species. For instance, vesicle formation from nonanoic acid (C 8 H 17 COOH) in water requires its concentration to be at least 85 mM, whereas only 20 mM is necessary when mixed with 2 mM nonanol (C 9 H 19 OH) . Vesicles composed of fatty acids precipitate in the presence of millimolar concentrations of divalent cations (Mg 2þ , Ca 2þ ) , but fatty acid/alkyl amine vesicles are resistant to the effects of divalent cations up to 0.1 M (Namani and Deamer, 2008) . Moreover, mixtures of fatty acids with the corresponding alcohols and/or glycerol esters form vesicles that are stable over wider ranges of pH and temperature . The mixtures are more permeable to nutrient molecules such as nucleotides . These behaviors are in striking contrast to the situation with genetic polymers, where even low levels of modified nucleotides can lead to strong inhibition of further replication Schrum et al., 2010) .
Nucleotide
The synthesis of nucleotides is the least understood aspect of the prebiotic chemistry reading of RNA and DNA (Orgel, 2004; Saladino et al., 2012b) . The difficulty of abiotic synthesis arises from the fact that the building blocks of nucleotides ((deoxy)ribose, nucleobases and phosphate) must be combined with the right regiospecific and stereospecific configurations (Fig. 11) . Ribose exists in aqueous solution in four cyclic and two ancyclic forms in which the b-D-furanose isomer, a necessary configuration for the nucleotide synthesis, is a relatively minor component (Fig. 6; Drew et al., 1998) . The purine bases must use the nitrogen atom at the N9 position, while the pyrimidines must use the nitrogen at the N1 position, to form a CeN bond with the C1 atom of ribose (Fig. 11) . Because nitrogen atoms of purines and pyrimidines are all nucleophiles with the exocyclic amino group being the most reactive (Sutherland, 2010; Saladino et al., 2012b) , a simple heating of ribose and the nucleobase results in a multitude of isomeric products. When adenine is heated with D-ribose at 100 C in dry conditions in the presence of inorganic catalysts (MgCl 2 and trimetaphosphate), the fraction converted into b-adenosine is only w4% even after a treatment to hydrolyze N6-ribosyl adducts (Fuller et al., 1972a) . A better yield of b-ribonucleoside is obtained when hypoxanthine and 2-pyrimidinone are used in a similar experiment (up to 20% and 12%, respectively) because they have no exocyclic amino group in their structures (Fuller et al., 1972b; Bean et al., 2007) . In contrast, no direct synthesis of pyrimidine nucleosides from ribose and cytosine or uracil has been reported (Orgel, 2004) .
Abiotic synthesis of cytidine and uridine has been achieved by multistep construction of respective bases on a sugar structure. Sanchez and Orgel (1970) synthesized a-cytidine (10e20%) and bcytosine arabinoside (10%) by a stepwise addition of cyanamide and cyanoacetylene in aqueous solution of D-ribose and D-arabinose, respectively. These pentoses react with cyanamide to yield aminooxazolines, which then convert into the anhydronucleosides through condensation with cyanoacetylene (Fig. 12) . Subsequent rearrangements of chemical bonds lead to the formation of pyrimidine nucleosides (Fig. 12) . If D-ribose is replaced by D-ribose-5-phosphate in the reaction sequence, a-cytidine-5 0 -phosphate is obtained in up to 40% yield (Sanchez and Orgel, 1970) . b-cytidine-2 0 ,3 0 -cyclic phosphate has also been obtained from condensation of arabinose-3-phosphate, cyanamide and cyanoacetylene (Ingar et al., 2003) . Sugars can be phosphorylated with orthophosphate in water using cyanogen or cyanamide as a condensing agent (Steinman et al., 1964; Halmann et al., 1969) . Cyanamide is formed from a dilute aqueous solution of HCN or a HCN-NH 3 mixture by the action of UV irradiation (Schimpl et al., 1965) . These experiments therefore suggest a potential solution to the abiotic synthesis of pyrimidine nucleotides.
Many efforts have been devoted to phosphorylate nucleosides to nucleotides under various experimental conditions (Table 3) . As is the case for the nucleoside synthesis from corresponding sugar and nucleobase, phosphorylation is thermodynamically unfavorable in water over a wide variety of temperatures and pH. Consequently, the reaction has mostly been examined in dry conditions (Ponnamperuma and Mack, 1965; Beck et al., 1967; Rabinowitz et al., 1968) or in organic solvents acting as condensing agents such as formamide and acetamide (e.g., Schoffstall, 1976; Schoffstall and Laing, 1985) . Phosphorylation occurs in water in the presence of condensing agents, but yields of nucleotides are much lower than those obtained in dry conditions or in pure organic solvents (up to 0.5%, Steinman et al., 1965b; up to 3.6%, Lohrmann and Orgel, 1968) . Another approach to phosphorylate nucleosides in water is the usage of condensed phosphate. An excellent yield of adenosine monophosphate has been obtained from a reaction of 0.05 M adenosine with 0.05 M trimetaphosphate under alkaline pH (up to 91.8%; Etaix and Orgel, 1978) . Linear polyphosphates (e.g., pyrophosphate and triphosphate) also act as phosphorylating agents, while the efficiencies are small (Schwartz and Ponnamperuma, 1968) . These condensed phosphates can be produced from 
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Pi ( orthophosphate by heating in dry conditions (Rabinowitz et al., 1968; Osterberg and Orgel, 1972) or mixing with organic condensing agents in aqueous solution (Miller and Parris, 1964; Beck and Orgel, 1965; Weber, 1982; Keefe and Miller, 1996) . Phosphorylation occurs at any possible position of the sugar moiety: 2 0 , 3 0 , 5 0 and 2 0 , 3 0 or 3 0 , 5 0 cyclic. When orthophosphate is used as a starting phosphorus compound, preferential functionalization is observed at the 5 0 -position of ribose or 2 0 -deoxyribose (Beck et al., 1967; Lohrmann and Orgel, 1971; Osterberg et al., 1973; Schoffstall et al., 1982) because of the higher reactivity of the primary OH group with respect to the secondary ones on the 2 0 -and 3 0 -positions (Saladino et al., 2005a) . In contrast, trimetaphosphate tends to react with the OH groups at the 2 0 -and 3 0 -positions, leading to nucleoside 2 0 -(or 3 0 -)monophosphate as a major product (Schwartz, 1969; Etaix and Orgel, 1978) .
Note that individual steps of the nucleotide synthesis outlined above have been performed under mutually different experimental conditions. As was described in previous sections, the abiotic synthesis of each nucleotide component (ribose and nucleobases) tends to generate complex mixtures of products with desired compounds being only a small fraction. It is unclear whether or not these problems could be overcome by environmental fluctuations on the primitive Earth; such as purification and concentration of the nucleotide components, mixing the components with condensing agents at the right time and place, and exposing the mixtures to the optimum conditions to form nucleotides (Orgel, 2004; McCollom, 2013b) .
More recently, a new synthetic approach for pyrimidine nucleotides was explored by Sutherland and co-workers ( Fig. 12 ; Powner et al., 2009) . In their discovered pathway, reactions do not start from ribose and nucleobases, but from a set of much simpler precursors; glycolaldehyde, glyceraldehyde, cyanamide, cyanoacetylene, and phosphate. The pathway begins with a reaction of glycolaldehyde and cyanamide to form 2-amino-oxazole. The compound then condenses with glyceraldehyde to yield the arabinose amino-oxazoline. Reaction of this molecule with cyanoacetylene gives the arabinose anhydronucleoside as Sanchez and Orgel (1970) Phosphate plays important roles in every step of the reaction sequence, acting as a pH buffer, an acidebase catalyst, a chemical buffer for depleting undesired byproducts, as well as being a component of nucleotides. First, phosphate acts as an acidebase catalyst in the formation of 2-amino-oxazole, thereby the reaction proceeds under neutral pH (in the absence of phosphate, alkaline pH is required for the selective formation of 2-amino-oxazole; Cockerill et al., 1976) . In 1M phosphate buffer solution at pH 7.0, a mild heating (60 C for 3 h) of glycolaldehyde (w1 M) and cyanamide (w1 M) produces 2-amino-oxazole in >80% yield (Powner et al., 2009) . The next step, condensation of 2-amino-oxazole with glyceraldehyde, gives all four pentose amino-oxazolines with high stereoselectivity for the ribo-and arabino-isomers (Anastasi et al., 2006) . All compounds convert reversibly into the 5-substituted 2-aminooxazoles, but the lyxose amino-oxazoline is the least stable in the presence of a phosphate catalyst (Powner et al., 2009) . Phosphate thus leads to further selective formation of arabino-aminooxazoline, an important intermediate for subsequent steps of the nucleotide synthesis.
The addition of phosphate also allows a high-yield production of the arabinose anhydronucleoside from arabinose amino-oxazoline and cyanoacetylene (92% yield). In the absence of phosphate, pH rises during the reaction, resulting in hydrolysis of the anhydronucleoside to b-arabinocytidine (Sanchez and Orgel, 1970) .
Furthermore, excess cyanoacetylene reacts with the hydroxyl (5 mL) AMP (18) Heated at 90 C for <250 h in H 2 O -AMP ( 7) a, Ponnamperuma et al., 1963b; b, Ponnamperuma and Mack, 1965; c, Steinman et al., 1965a,b; d, Beck et al., 1967; e, Schwartz and Ponnamperuma, 1968; f, Rabinowitz et al., 1968; g, Lohrmann and Orgel, 1968; h, Schwartz, 1969; i, Lohrmann and Orgel, 1971; j, Bishop et al., 1972; k, Handschuh et al., 1973; l, Osterberg et al., 1973; m, Schoffstall, 1976; n, Philipp, 1977; o, Lohrmann, 1977; p, Etaix and Orgel, 1978; q, Yamagata et al., 1979; r, Saygin, 1981; s, Schoffstall et al., 1982; t, Schoffstall and Laing, 1985; u, Yamagata, 1999; v, Cheng et al., 2002; w, Constanzo et al., 2007; x, Saladino et al., 2009 . a A, adenosine; C, cytidine; G, guanosine; T, thymidine; U, uridine; dA, 2 0 -deoxyadenosine; dC, 2 0 -deoxycytidine; dG, 2 0 -deoxyguanosine. b Pi, phosphate; TMP, trimetaphosphate. c d, day; h, hour; m, month; min, minute; w, week; r.t., room temperature; FA, formamide.
groups of the anhydronucleoside. Phosphate prevents these undesired reactions by maintaining a neutral pH, and by converting the excess cyanoacetylene to cyanovinyl phosphate (Powner et al., 2009) . Once the arabinose anhydronucleoside has formed, a dry heating (100 C for 24 h) with pyrophosphate in the presence of urea and ammonium chloride gives b-ribocytidine-2 0 ,3 0 -cyclic phosphate in 32% yield (Powner et al., 2009 ). Irradiation of this molecule with UV light (254 nm, 80 h) converts it to b-ribourydine-2 0 ,3 0 -cyclic phosphate (Powner et al., 2009) .
The proposed mechanism significantly reduces the problems in the abiotic nucleotide synthesis described above. However, the story remains incomplete because several steps require temporally separated reactants with high concentrations. It is not clear if the production of target molecules is still possible in the presence of impurities (both organic and inorganic) and other closely related components. Compatibility of each reaction condition also remains uncertain. Further refinements of the synthesis pathway are needed for clearer convergence between laboratory simulations and geochemical limitations (McCollom, 2013b) .
Oligonucleotide
The polymerization of nucleotides in water is an unfavorable reaction in both thermodynamics and kinetics. The Gibbs energy necessary to synthesize a mole of phosphodiester bond is 5.3 kcal at 25 C and pH 7 (Dickson et al., 2000) . The value indicates that an equilibrium molar ratio of dimer over monomer of nucleotide is only w0.01% even when the monomer concentration is as high as 1M. The half-life of the phosphodiester bond of oligonucleotides is in the range of 1 houre10 day, 2e70 s and 0.01e0.9 s at 100 C, 200 C, and 300 C, respectively (Kawamura, 2004) . Consequently, attempts to polymerize nucleotide in aqueous solution result in a formation of short oligonucleotides in very poor yields (Ogasawara et al., 2000) . Alternative approaches proposed so far include a dry heating of nucleotides at high temperature (>100 C; Morvek, 1967) and mixing with organic activating agents such as cyanamide and water-soluble carbodiimides (Ibanez et al., 1971a,b; Ferris et al., 1989) . Both approaches, however, have failed to make oligomers longer than dimers in acceptable yields (Orgel, 2004) . Nucleoside 5 0 -polyphosphates (e.g., ATP) are high-energy phosphate esters, but are unreactive in aqueous solution. The half-life for hydrolysis of ATP to ADP is 6.3 years at 25 C and neutral pH (Stockbridge and Wolfenden, 2009) . A rate of ligation of two oligoribonucleotides aligned on a template RNA, one bearing a 2 0 ,3 0 -hydroxyl and the other a 5 0 -triphosphate, is only 5.4 Â 10 À7 per hour, or 210 years for complete ligation at 25 C and pH 7.4 in the presence of 15 mM Mg 2þ (Bartel and Szostak, 1993) . The rate is comparable to the rate of hydrolysis of a RNA phosphodiester bond (w90 years at 25 C; Wolfenden, 2011) . These properties may be advantageous for an enzyme-controlled reaction, whereas it is a severe obstacle for non-enzymatic polymerization of nucleotides (Robertson and Joyce, 2012) . In contrast, nucleoside 2 0 ,3 0 -and 3 0 ,5 0 -cyclic phosphates ( Fig. 13 ) are highly reactive for polymerization. The enthalpies of hydrolysis of 2 0 ,3 0 -and 3 0 ,5 0 -cyclic ones are respectively from -7.8 to -9.5 and from -10.5 to -14.1 kcal mol À1 at 25 C and neutral pH (Rudolph et al., 1971) , indicating that the coupling of the hydrolysis with the formation of a new phosphodiester bond (D r Go ¼ 5.3 kcal mol
À1
; Dickson et al. , 2000) is thermodynamically favorable. Polymerization of the cyclic 2 0 ,3 0 -phosphates requires a dry heating with organic catalysts (Tapiero and Nagyvary, 1971; Verlander et al., 1973; Verlander and Orgel, 1974) , whereas active polymerizations have been observed for the cyclic 3 0 ,5 0 -phosphates in water in the absence of catalysts at moderate Figure 13 . Structures of activated nucleotides.
temperatures (40e90 C) (Costanzo et al., 2009 (Costanzo et al., , 2012 . When 1 mM guanosine 3 0 ,5 0 -cyclic phosphate (3 0 ,5 0 -cGMP) was heated in water at 85 C and pH 8.2, oligomers up to a length of w25 units were obtained after a short heating duration (one hour) (Costanzo et al., 2009 ). The cyclic 2 0 ,3 0 -phosphates are the major products of the urea-catalyzed phosphorylation of nucleosides at 100 C in the solid state , whereas the cyclic 3 0 ,5 0 -phosphates can be obtained by heating of the corresponding nucleosides with KH 2 PO 4 at 90 C in formamide (Saladino et al., 2009) .
Great success has also been met using a different type of activated nucleotide, nucleoside 5 0 -phosporimidazolides (ImpN; Fig. 13 ). In the presence of inorganic ions such as Pb 2þ and UO 2 2þ , ImpNs polymerize into oligonucleotides of up to 16-mer in aqueous solution (Sawai and Orgel, 1975b; Sawai, 1976; Sawai et al., 1989) . The reaction is especially efficient when performed in the eutectic water phase at -18 C, where most of the water is present as ice (Kanavarioti et al., 2001; Monnard et al., 2003) . Using Pb 2þ as a metal catalyst, oligomers as long as 17 mer have been obtained with 90% yield. Phosphorimidazolides can be produced from imidazoles and nucleoside 5 0 -polyphosphates in dry conditions (Lohrmann, 1977) , and thus have been claimed to be present on the primitive Earth. Note that oligomers formed from the activated monomers are normally random mixtures of 2 0 -5 0 , 3 0 -5 0 , and 5 0 -5 0 bonds, of which only the 3 0 -5 0 bond is the biologically relevant linkage. Attempts to increase the proportion of 3 0 ,5 0 -linked oligomers have met with some success (Sawai et al., 1992) , but it is still unlikely that condensation of activated nucleotides leads to entirely 3 0 ,5 0 -linked oligomers in water, even in the presence of effective metal catalysts (Robertson and Joyce, 2012) . Ferris and coworkers have investigated the catalytic effect of an abundant clay mineral, montmorillonite, on the synthesis of long oligonucleotides from ImpNs and related activated nucleotides (Ferris et al., 2004; . In a typical experiment, w15 mM ImpN (pH 8) is incubated with 50 mg of Na þ -montmorillonite in 1 mL solution of 0.2 M NaCl and 0.075 M MgCl 2 at room temperature for several days. HPLC analysis of the reaction products has shown the formation of 2e14 mers, with the chain length depending on the base present in the nucleotide Ertem, 1992, 1993; Ding et al., 1996; Ertem and Ferris, 1996; Kawamura and Ferris, 1999) . Recent reassessment with an advanced analytical technique (MALDI-TOF mass spectrometry) detected oligomers of up to 40 monomeric units from mixtures of oligomeric products on montmorillonite (Zagorevskii et al., 2006) . Na þ -montmorillonite accelerates the hydrolysis of the imidazole group of the activated nucleotides by a factor of 35, but provides a much greater enhancement for the polymerization (>1000 times), which results in the net conversion of ImpN to oligonucleotides (Kawamura and Ferris, 1994) . Long oligomers have also been obtained using a different type of activated nucleotide in which imidazole is replaced by 1-methyladenine ( Fig. 13 ; Prabahar and Ferris, 1997; Huang and Ferris, 2003) . 1-methyladenine is formed from N6-methyladenie by the reversal of the Dimoroth rearrangement, and N6-methyladenie from adenine by heating with 20 M methylamine (CH 3 NH 2 ) in a sealed ampoule at 100 C and alkaline pH (up to 50% yields; . Once formed, 1-methyladenine reacts with nucleoside 5 0 -monophosphate to form nucleotide 5 0 -phosphoro-1-methyladenie in the presence of a water soluble carbodiimide (Prabahar and Ferris, 1997) . The activated functional group particularly promotes polymerization of adenosine and uridine, making their oligomers greater than 40-mer in length in 1 day at room temperature in reactions catalyzed by montmorillonite (Huang and Ferris, 2006) . Once short oligomers are formed, daily replacements of the supernatant solution of an oligomeremontmorillonite suspension with the fresh activated monomers results in chain elongation up to 55 monomers long (Ferris et al., 1996; Ferris, 2002) . Nucleotides adsorb on montmorillonite via van der Waals'interaction between the silicate layer of the montmorillonite and the purine and pyrimidine bases of the nucleotides at neutral pH (Lailach et al., 1968; . The strength of the binding of purine nucleotides is greater than that of the corresponding pyrimidine ones owing to the larger size of the planar purine ring (Ertem and Ferris, 1997) . Strong binding to montmorillonite is not a primary factor in oligomer formation (Kawamura and Ferris, 1999) , but results in the favorable orientation for the formation of 3 0 ,5 0 phosphodiester bonds. The oligomerization of ImpA, for example, gives a higher proportion of 3 0 ,5 0 -linked products in the presence of montmorillonite Ertem, 1992, 1993) , whereas the reaction of pyrimidine nucleotides ImpC and ImpU yields oligomers that are predominantly 2 0 ,5 0 -linked (Ding et al., 1996; Ertem and Ferris, 1997) . The mechanism for the catalytic effect is not well understood, but detailed experimental study by Wang and Ferris (2001) suggested that the oligomerization occurs at a limited number of specific active sites within the interlayers of the montmorillonite.
More recently, Deamer and coworkers found that a multilamellar lipid matrix strongly accelerates the polymerization of 5 0 -mononucleoside phosphates (AMP and UMP) in hydrationedehydration cycles (Rajamani et al., 2008; DeGuzman et al., 2014) . The synthesis of 25e100 nucleotide-containing polymers were observed, with 3 0 -5 0 and 2 0 -5 0 linkages randomly existing (DeGuzman et al., 2014) . It is noteworthy that vesicle formation from fatty acid micelles is catalyzed by montmorillonite, and that the vesicle can encapsulate clay particles together with surfaceadsorbed nucleotide oligomers (Hanczyc et al., 2003) . Because montmorillonite preferentially catalyzes the formation of 3 0 -5 0 -phosphodiester linkages, these findings indicate the possibility that polymerization on montmorillonite, and subsequent encapsulation within membrane vesicles, could generate nucleotide oligomers with sufficient length and appropriate configuration to initiate the replication system in primitive protocells.
RNA world
Natural selection through replication and mutation is a key mechanism for evolving complex biochemical systems from simpler ones (Orgel, 2004) . The replicating system in contemporary biology consists of DNA, RNA and protein; DNA holds genetic information, RNA translates it to form proteins, and proteins provide the enzymatic activities needed to make DNA and RNA, and to enable them to reproduce themselves. It is highly unlikely, however, that the DNA/RNA/protein system emerged from a random mixture of amino acids and nucleotides that were abiotically formed on the primitive Earth. One possible approach to this dilemma is to pinpoint a single molecular species that acts both as genetic information and as a catalyst that supports its own replication. The most promising candidate is RNA if a mechanism existed on the primitive Earth for the formation of oligoribonucleotides, and if some of these polymers acquired, by chance, the ability to copy their sequences through template-directed ligation of preexisting nucleotides. The RNA-first scenario was initially suggested over 40 years ago (Woese, 1967; Crick, 1968; . Since then, it has been the most well-known hypothesis for the origin of the replication system (Gilbert, 1986; Bernhardt, 2012) . Support for this hypothesis has come from the discovery of a growing number of catalytic RNA molecules, ribozymes, in extant organisms (Kruger et al., 1982; Guerrier-Takada et al., 1983) . Notably, the ribosome's peptidyl transferase center, the active site for peptide bond formation, is composed entirely of RNA (Nissen et al., 2000) . Support has also come from in vitro evolution of a wide range of new ribozymes, including both artificial functional RNA molecules and improved versions of certain natural ribozymes (Johnston et al., 2001; Joyce, 2004) . The appearance of RNA before DNA is also convincing; nucleotide metabolism synthesizes deoxyribonucleotides from their corresponding ribonucleotides by the reduction of their C2 0 position, rather than by their de novo synthesis from deoxyribose-containing precursors (Stubbe, 1990) . A remaining central question is how the first template-dependent RNA polymerase ribozyme could have emerged on the primitive Earth. Considerable efforts have been devoted to this topic of nonenzymatic replication.
The template-directed synthesis of oligonucleotides was first demonstrated in the 1960s using a water-soluble carbodiimide as the condensing agent (Naylor and Gilham, 1966; Sulston et al., 1968a Sulston et al., ,b, 1969 . The reactions were slow and inefficient, and/or led to complex mixtures of isomeric short oligonucleotide products (Orgel, 2004; Blain and Szostak, 2014) . More efficient and regiospecific polymerization has been obtained using pre-activated substrates, phosphorimidazolides, or related phosphoramidates (Fig. 13) . When guanosine-5 0 -phosphorimidazolide (ImpG) was incubated with poly(C) templates in the presence of Mg 2þ and Zn 2þ , products were predominantly 3 0 -5 0 -linked oligomers (Bridson and Orgel, 1980) , while 2 0 -5 0 -linked oligomers were exclusively obtained in the presence of Mg 2þ and Pb 2þ (Lohrmann and Orgel, 1980) . Exclusive formation of 3 0 -5 0 -linked oligomers was also observed in the absence of metal ions other than Mg 2þ when imidazole is replaced by 2-methylimidazole in the activated nucleotide (Fig. 13; Inoue and Orgel, 1981) . More recently, the rates of template copying were significantly improved with oxyazabenzotriazole (OAt; Fig. 13 ) as the leaving group (Hagenbuch et al., 2005; Vogel and Richert, 2007) . When OAt-activated cytosine nucleotides were added onto an RNA template with a primer RNA designed to aid the incorporation of C monomer onto a G residue in the template, almost complete ligation was observed within 20 h at slightly alkaline pH (9.5) (Vogel et al., 2005) . The fidelity of the template-directed condensation of activated nucleotides depends strongly on the sequence and base composition of the oligonucleotide template. Formation of poly(G) on poly(C) template is remarkably accurate; if poly(C) is incubated with an equimolar mixture of the four nucleoside 5 0 -phospho-2-methylimidazolides (2-MeImpNs; N ¼ G, A, C, or U), incorporation of non-complementary nucleotides into oligomers is less than 1% (Inoue and Orgel, 1982) . Random copolymers containing an excess of C residues lead to the oligomerization of 2-MeImpG with the corresponding derivatives of other bases with good efficiency of incorporation (Inoue and Orgel, 1983) . A C:G template as long as 14-mer (5 0 -CCCGCCCGCCCGCC-3 0 ) has been copied successfully in the yield of w50% for the sum of truncated products, and <2% for the full-length products (Acevedo and Orgel, 1987) . In contrast, U residues in a template are difficult to copy (Inoue and Orgel, 1983; Leu et al., 2011) owing to weak base-pairing between U and A together with the comparable strength of a G:U wobble pair versus an A:U base pair ( Fig. 15; Freier et al., 1986; Chen et al., 2012) . The presence of multiple A, T or G residues in succession in a template drastically reduces the copying efficiency (Wu and Orgel, 1992) . Oligo (C, G)s that do not contain an excess of C residues tend to form intra-and inter-molecular duplex structures that prevent them from acting as templates (Joyce and Orgel, 1986 ). The problem of template selfstructure rules out the possibility of repeated rounds of replication, because a successful template-directed synthesis results in complementary products of G-rich sequences that cannot then serve as good templates (Orgel, 2004; Robertson and Joyce, 2012 ).
An approach to improving the fidelity of A:U base pairing is to use nucleobase analogs that increase the specificity of the base pair recognition. The G:U wobble pairing (or G:T) is caused by the shift of hydrogen bonding via the 2-exo-oxygen participation within the base pairs (Fig. 14) . Because the 2-exo-oxygen atom is not involved in the A:U (or A:T) base pair, replacement of this oxygen by a weaker H-bond accepter is expected to weaken the wobble pairs selectively, and thereby increase the fidelity of RNA copying. The possibility has been demonstrated by introducing a selenium (Hassan et al., 2010) and a sulfur atom (Zhang et al., 2013) at the 2-position. The substitution with sulfur is particularly effective because it stabilizes the A:U base pair (by 1.1 kcal mol À1 ) as well as ) (Testa et al., 1999) .
Many efforts have been devoted to discovering conditions that lead to the efficient synthesis of 3 0 -5 0 -linked oligonucleotides. It is noteworthy, however, that 3 0 -5 0 -linked RNA with significant chain length has a very high thermal stability against strand separation. Even an RNA duplex of 30 base-pairs has a melting temperature higher than 100 C (Engelhart et al., 2013) . Because strand separation is required to allow for repeated cycles of template copying, effective means of destabilization of the strand is necessary for the initiation of replication cycles without the help of protein enzyme. Oligonucleotides containing 2 0 -5 0 linkages have much lower melting temperatures than natural RNA duplex (Kierzek et al., 1992; Wasner et al., 1998; Engelhart et al., 2013) . With lower efficiency than 3 0 -5 0 linked RNA, 2 0 -5 0 linked oligomers can act as a template for nonenzymatic primer extension with activated nucleotides (Prakash et al., 1997) . Moreover, some RNA functions (molecular recognition and catalytic cleavage of phosphodiester bond) have been shown to tolerate random doping of 2 0 -5 0 -linkages of up to 25% (Engelhart et al., 2013) . The presence of 2 0 -5 0 linkages, therefore, may not be a problem, but an important feature that allowed RNA to emerge as the first replicating polymer on the primitive Earth.
In addition to the findings outlined above, considerable progress has been made toward elucidation of prebiotic pathways for nonenzymatic RNA replication (Schrum et al., 2010; Blain and Szostak, 2014) . Nevertheless, many problems still remain, such as the slow rate and insufficient fidelity of RNA template-copying, the hydrolysis of activated nucleotides on the same timescale as polymerization, and the fast reannealing of separated RNA strands (Engelhart et al., 2013) . Most importantly, although proposed mechanisms for the template-directed polymerization postulate a continuous ample supply of activated monomers from surrounding environments, their occurrences in large amounts on the primitive Earth are unlikely (Orgel, 2004; Robertson and Joyce, 2012) . The RNA-first scenario of the origin of life therefore needs further experimental evidence to overcome these difficulties and to discover a convincing abiotic pathway toward self-replicating RNA molecules.
Protocell
Although the above discussion of the RNA world focused only on the replication properties of nucleic acids, spatial localization by membrane boundary is also an essential function for the emergence of Darwinian evolution (Szostak et al., 2001 ). Without spatial localization, an active replication ribozyme would act to propagate unrelated sequences as well as its own sequence. Consequently, nutrients from the surrounding environment would be exhausted before further development of the replication ability progressed. But how did early self-replicating molecules combine with membrane vesicles to constitute a unified cell? Did their interaction result in any mutual benefit? The cooperation of genome and membrane that potentially led to Darwinian evolution has been vigorously studied by Szostak and coworkers using RNA oligomers and fatty acid membranes as constituents of model protocells.
A remarkable finding from their laboratory is that the encapsulation of RNA into fatty acid vesicles drives membrane growth through osmotic pressure . Vesicles encapsulating a high concentration of RNA experienced a significant internal osmotic pressure, leading to the preferential uptake of additional fatty acids into the tensed membrane. This results in vesicle growth at the expense of neighboring vesicles with less internal RNA and hence, a lower pressure. It is conceivable from the observation that more efficient RNA replication could cause faster cell growth through competition between protocells, and come to dominate the population. The coupling of RNA replication to membrane growth could have been an important mechanism in the beginning of Darwinian evolution during the origin of cellular life . It is noteworthy, however, that osmotically swollen vesicles tend to form stable spheres, which are difficult to divide (Szostak et al., 2001; Blain and Szostak, 2014) . Prebiotically plausible means of protocell division have not been proposed in this model.
More recently, an alternative mechanism to link genomic function to cell growth was discovered that is independent of osmotic pressure. It was shown that the presence of low amounts of phospholipids (Budin and Szostak, 2011) or hydrophobic dipeptides (Adamala and Szostak, 2013a) can drive the competitive growth of fatty acid vesicles. The growth results from the decrease of membrane fluidity and the dissociation rate of fatty acid from membranes with increasing concentrations of these additives. Interestingly, upon mixing with a large excess of pure fatty acid vesicles, the mixed vesicles grow into thread-like filamentous vesicles owing to slow volume increase relative to rapid surface area increase (Budin and Szostak, 2011; Adamala and Szostak, 2013a) . Application of a gentle shear force causes division of the filamentous vesicles into multiple small daughter vesicles without significant loss of encapsulated content. Therefore, the ability to synthesize even low levels of phospholipid and short peptides by internal catalytic RNA would impart a large selective advantage to its host protocell for growth through competition for fatty acid molecules.
A major drawback of fatty acid membranes as components of protocells is their instability under the ionic conditions necessary for RNA replication chemistry. Both nonenzymatic and ribozymecatalyzed RNA polymerization require high concentrations of Mg 2þ (at least 50 mM; Blain and Szostak, 2014) , whereas Mg 2þ causes aggregation and precipitation of fatty acid vesicles even at a few millimolar concentrations . A recent study by Adamala and Szostak (2013b) provided a potential solution to this apparent incompatibility. They showed that citric acid chelated Mg 2þ such that fatty acid precipitation was substantially reduced, while template-directed RNA copying was only slightly affected. Citrate also protects RNA from Mg 2þ -catalyzed degradation: the presence of citrate with fourfold concentration relative to Mg 2þ (200 mM vs. 50 mM) reduced the rate of RNA fragmentation by a factor of ten. Because citrate is an important intermediate of today's carbon metabolism (tricarboxylic acid cycle), these advantages could have led to the origin of a metabolic system operated by RNA-based organisms (Muller and Tor, 2014 ). These results demonstrate that simple chemical and physical interactions between genome and membrane lead to cellular behaviors essential for Darwinian evolution. Once self-replicating RNA and membrane vesicles have been united to form a protocell, any RNA mutation advantageous for vesicle growth would lead to preferential survival of the cell, and could increase the population through natural selection. Repeated cycles of RNA replication would therefore result in higher survivability of the cell with advanced abilities of growth, division, and reproduction. Additionally, cells could have evolved the ability to synthesize their own building blocks (e.g., phospholipid and short peptides) by developing the catalytic activity of RNA. Darwinian evolution starting from the simple vesicleeRNA system, therefore, is a promising route toward the emergence of modern biological systems.
5. Discussion: where did chemical evolution occur? Fig. 15 presents an overview of the chemical evolution of life, which was constructed based on reported experimental and theoretical studies for this topic outlined above. The report referred to for each reaction is presented in Supplementary Table S1 together with brief summaries for examined conditions and mechanisms. The overview depicts the chemical evolution as reaction networks categorized into the four stages of (1) condensation of inorganic compounds to reactive organic precursors, (2) conversion of the precursors to biological building blocks, (3) polymer formation by dehydration-condensation of the respective monomers, and (4) emergence and development of biological functions through Darwinian evolution that eventually led to the origin of life. For several reaction steps, certain inorganic ions or minerals play central roles in the reaction progress. These key inorganic materials are written with green font around arrows for the corresponding steps (Fig. 15) . All reactions have been demonstrated to occur in reported simulations (Table S1 ); therefore, if these processes could occur on the Hadean Earth with appropriate order and timing, life, or at least life's fundamental functions (e.g., replication and compartmentalization) would emerge from naturally ubiquitous inorganic molecules (CO 2 , N 2 , H 3 PO 4 ) without the aid of biological systems.
What environmental settings, or their combinations, can drive all the stages of chemical evolution? The following discussion lists the reaction conditions necessary to complete the chemical evolution based on the overview (Fig. 15 and Table S1 ). It should be noted that, for many of the reaction steps, their responses to changing environmental conditions (e.g., temperature and pH) have not been fully understood. Therefore, in many cases it is unclear whether or not the conditions used in the reported studies (Table S1 ) are the optimum ones for the reaction progress. Additionally, several steps, particularly at the later stages of chemical evolution, are still highly hypothetical. It remains unclear how functional polypeptides emerged from abiotically formed amino acids with great conformational (e.g., a-vs. b-amino acids) and enantiomeric (e.g., L-vs. D-amino acids) variability. A huge gap should exist between the primitive protocell composed of fatty acid and RNA, and the modern DNA/RNA/protein system. Most seriously, the overview (Fig. 15) might not represent prebiotic processes that actually occurred on the primitive Earth; rather, it was depicted based on current scientific knowledge about the origin of life. Future research might discover new reaction mechanisms that improve yields and selectivity of life's building blocks synthesized abiotically, or be able to link currently unconnectable reaction networks (e.g., photo-redox chemistry developed by Patel et al., 2015 ; some of their findings are included in Fig. 15 ). If such mechanisms are consistent with geological and biological predictions on the primitive Earth and life, the structure of the overview needs to be updated. Despite these uncertainties, the overview is still worth using as a framework for thinking about geochemical situations necessary for the origin of life. Our limited knowledge of chemical evolution is a major obstacle to envision a clear scenario for this topic. However, there is a sufficient amount of information to delineate the range of physical and chemical conditions that can lead to the formation of life's building blocks and their interactions to make biological functions. Refinement of scientific knowledge on biology, geology and chemistry would provide better constraints on the settings and conditions for these processes. It is hoped that such future modification can be facilitated by the framework made in this study. With these thoughts in mind, we tried to make some generalizations. Fig. 15) Gas phase reactions generate a variety of simple but highly versatile compounds including HCN (14), H 2 CO (31), cyanogen (8), cyanamide (18), cyanoacetylene (24), acrolein (58) and phenylacetylene (61) by the action of lighting and radiation (UV, Xray, etc.) (Fig. 15) . A high temperature heating (150e250 C) of CO 2 with H 2 in a water vapor phase generates fatty acids with alkyl chains up to C 22 in the presence of mineral catalysts (e.g., native Fe; McCollom, 2013c). The yields and relative abundances of these products depend greatly on the redox state of atmosphere. A reducing atmosphere rich in H 2 favors their formation, whereas little is obtained from neutral ones dominated by CO 2 and N 2 (e.g., Schlesinger and Miller, 1983a) . Fig. 15) Composition of the collecting solution also shows significant influence on the yield and variety of synthesized compounds. Alkaline pH and reducing conditions area good aqueous environment for preferential synthesis of a-amino acids over a-hydroxy acids through the Strecker reaction Bada, 2013) . If favorable aqueous conditions are met, a variety of amino acids are formed in excellent yields (up to several % of starting materials) even from a neutral gas mixture dominated by CO 2 and N 2 . Alkaline pH (8-10) also favors the conversion of HCN (14) to formamidine (4), diaminomaleonitrile (5), formamide (9), aminomalononitrile (10), urea (13) , and guanidine (20) and their condensation to nucleobases (adenine and cytosine) ( Fig. 15 ; Shapiro, 1995) . At a pH higher than 10, non-polar molecules extracted from a carbonaceous chondrite spontaneously assemble into membrane vesicles (Deamer, 1985) . The formose production of ribose from H 2 CO (31) requires alkaline pH (10-11) with Ca 2þ as a catalyst at the initial stage (H 2 CO (31) Â 2 / glycolaldehyde (32); Benner et al., 2012) . Although ribose decomposes rapidly in alkaline conditions, its stability is greatly enhanced in the presence of borate by forming a complex in its cyclized form (Ricardo et al., 2004) . Fig. 15) A drawback of alkaline pH is that many key organic precursors including HCN (14), cyanogen (8), formamide (9), cyanoacetaldehyde (21), and cyanoacetylene (24) hydrolyze with the rates being first order in OH -.Under alkaline conditions, H 2 CO (31) readily reacts with HCOOH to give methanol and carbonic acid (H 2 CO þ HCOOH þ H 2 O / CH 3 OH þ H 2 CO 3 ; Morooka et al., 2005) . It is therefore unlikely that these precursors enriched in alkaline aqueous environments up to sufficient concentrations for synthesis of life's building blocks (>0.01-0.1 M for HCN polymerization to adenine; Sanchez et al., 1967 , !0.1 M for ribose synthesis from H 2 CO through the formose reaction; see Section 4.3). Eutectic freezing is an effective means to increase their concentrations (Sanchez et al., 1966b) . At temperatures less than 0 C, HCN and its derivatives concentrate as eutectics in an ice matrix, thereby their condensations occur effectively to generate various biomolecules (adenine, guanine, cytosine, Gly, Ala, and Asp) even when their initial concentrations are as low as 0.001 M Levy et al., , 2000 Miyakawa et al., 2002b; Cleaves et al., 2006) . Such conditions also favor the polymerization of activated nucleotides up to 17-mer in the presence of Mg 2þ and Pb 2þ (Kanavarioti et al., 2001; Monnard et al., 2003) . Although pH measurements have not been conducted in the course of freezing, temperature decreases might lead to pH neutralization owing to the precipitation of metal hydroxides (e.g., Mg 2þ þ 2OH -/ Mg(OH) 2 ). Fig. 15 show good catalytic efficiencies in many reaction steps (Fig. 15 , Table S1 ), their presence in water greatly reduces the stability of fatty acid vesicles. A few millimolar concentrations is enough to see the aggregation effects of Mg 2þ and Ca 2þ .
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Dissolved metals also cause precipitation of phosphate (e.g.,
. Because phosphate plays a versatile role in aqueous solution as a pH buffer, an acidebase catalyst, a chemical buffer for depleting undesired byproducts, as well as a component of nucleotides and phospholipids (Sutherland, 2010) , its availability in water is a key factor for many abiotically important steps (e.g., synthesis of pyrimidine ribonucleotides from cyanamide (18), cyanoacetylene (24), glyceraldehyde (27), and glycolaldehyde (32); Powner et al., 2009) . To ensure the phosphate concentration is the same level as it is in laboratory simulations (w1 M), dissolved metals need to be depleted to below micro-molar concentrations.
5.5. Dry/dry-wet cycles (orange arrows in Fig. 15) Polymerization of life's building blocks involves dehydration (e.g., n amino acids / (peptide)n þ (ne1)H 2 O, n nucleotides / (oligonucleotide)n þ (ne1)H 2 O), and hence occurs effectively under dry conditions or in organic solvents acting as condensing agents (e.g., formamide (9), urea (13), water-soluble carbodiimides). Dry-wet cycles in the presence of Cu 2þ and NaCl at 60e90 C is an effective means to polymerize solid amino acids up to trimer . Oligomers of up to 100 monomers long have been synthesized from normal nucleotides (AMP and UMP) in a multilamellar lipid matrix in hydrationedehydration cycles (Rajamani et al., 2008; DeGuzman et al., 2014) . Such a cycle also favors encapsulation of macromolecules (e.g., DNA) into lipid vesicles to form proto-cellular structures (Deamer and Barchfeld, 1982) . For formamide (9), a dry heating at 100e160 C in the presence of mineral catalysts generates various purines and pyrimidines including adenine, cytosine, guanine, uracil, and thymine (Saladino et al., 2012a,b) . Formamide (9) might be concentrated easily by water evaporation in lagoons and on drying beaches because of the high boiling point (210 C) with limited azeotropic effects (Saladino et al., 2009 ) as well as the high stability in water (t 1/2 ¼ 199 years at 25 C and 7.3 days at 120 C under neutral pH; Slebocka-Tilk et al., 2002) . It is also noteworthy that an anhydrous condition favors phosphorylation of organic compounds (Table 3) and condensation of phosphate to polyphosphate (Keefe and Miller, 1996) .
5.6. Coupling with high energy reactions (gray arrows in Fig. 15 )
Great successes have also been met for dehydrationcondensation of biomolecules by coupling with high-energy reactions of activated compounds. Incubation of organic molecules with phosphide minerals (e.g., Fe 3 P) in water generates various phosphorylated compounds as well as polyphosphates even at room temperature (w20 C) (Pasek and Lauretta, 2005; Pasek et al., 2007) . Oligonucleotides of up to w50-mer have been synthesized by incubation of activated monomers (Fig. 15) in the presence of divalent metals (e.g., Mg 2þ ). Thereby synthesized oligomers are typically random mixtures of 2 0 -5 0 , 3 0 -5 0 , and 5 0 -5 0 linkages, whereas preferential formations of 3 0 ,5 0 phosphodiester bonds have been observed in the presence of montmorillonite for adenosine oligonucleotide (Ferris et al., 2004; . Polymerization of amino acids is enhanced by coupling with hydrolysis of COS via the formation of N-carboxyanhydride (NCA) (Huber and Wachtershauser, 1998; Leman et al., 2004) . NCA also mediates condensation of amino acids and phosphate to form aminoacyl phosphate (Leman et al., 2006) . Because the aminoacyl bond has a high hydrolysis energy, it might have served as an energy currency to drive proto-metabolic reactions.
5.7. Heating-cooling cycles in water (green arrows in Fig. 15) Once long RNA oligomers are formed, they might serve as a template on which new nucleotides form base pairs (A with U and C with G), resulting in double strands. Separation of double strand RNA requires a high-temperature heating, whereas activated nucleotides are unstable relative to hydrolysis under such conditions. Fluid circulation between cold and warm sides of a pond, located at a geothermal field in a cold region, could be a solution to this dilemma (Ricardo and Szostak, 2009 ). On the cold side, templatedirected synthesis of oligonucleotides occurred on single RNA strands. On the hot side, heat broke the double helix into single strands. Repeated cycles of the template copying might have led to the initiation of an RNA-based replication system. Heating-cooling cycles also favor polymerizations of amino acids (Imai et al., 1999) and nucleotides (Ogasawara et al., 2000) although the efficiencies are low in both yield and length of polymers synthesized.
Extraterrestrial input
Extraterrestrial objects (meteorites, comets and IDPs) could have delivered a wide variety of organic compounds on the primitive Earth, including amino acids, purines, pyrimidines, sugar-like compounds, and long-chain monocarboxylic acids with amphiphilic properties. They could have also supplied reactive inorganic nutrients such as ammonia and phosphide minerals. If this input was distributed evenly on the Earth's surface, the resultant surface concentrations would be negligibly low. However, the importance of the extraterrestrial materials is not merely the total amount, but their chemical characteristics relevant to the biochemical system. L-enantiomeric excess of amino acids found in carbonaceous chondrites is a clear indication for that relationship (Burton et al., 2012) . L-amino acids and their dimers have been shown to catalyze ribose synthesis from glycolaldehyde (32) and glyceraldehyde (27) with the D-enantiomeric excess of up to 44% (Pizzarello and Weber, 2010) . Mechanisms for the abiotic synthesis of L-enriched amino acids remain unknown. If their syntheses require conditions that cannot be realized on the Earth's surface (e.g., cosmic-ray irradiation under high vacuum), exogenous delivery of L-enriched amino acids should have been an essential process for the origin of biological homochirality.
The above discussion clearly indicates that no single setting can offer enough chemical and physical conditions for all the stages of chemical evolution. Instead, life's origin requires highly diverse and dynamic environments that are connected with each other to circulate reaction products and reactants. The same conclusion was reached in a recent review for prebiotic chemistry (Stueken et al., 2013 ). An advantage of the present article is the capability of drawing possible links between geochemical conditions and each reaction step. In the early stages of chemical evolution an alkaline and H 2 -rich environment appears to be a good reaction place. Such conditions have been observed in serpentine-hosted hydrothermal systems on the present Earth (McCollom and Seewald, 2013) . So far, much attention has been paid to deep-sea hydrothermal vents as the site of serpentinization (Kelley et al., 2001 (Kelley et al., , 2005 . Similar systems have also been found in several terrestrial environments (e.g., Suda et al., 2014) . In contrast to deep-sea vents, terrestrial geothermal fields enable the involvement of organic compounds that are produced through atmospheric reaction (Mulkidjanian et al., 2012a) . Extraterrestrial input of biologically relevant compounds and elements are also available. This input can be concentrated much more readily on the terrestrial fields than in the ocean; if a shallow pond with an average depth of 30e40 cm is considered (w10,000 times shallower than the modern ocean level), the same flux from the atmosphere results in a much higher concentration in the pond than in the ocean by a factor of w10,000. If the geothermal field is located in a cold region, partial freezing of the pond could temporarily shelter reactive compounds from hydrolysis, leading to their accumulation to make the building blocks of life. Beneath the pond, geothermal fluids would leach a variety of elements from rocks into the water. Depending on the rock compositions, fluiderock interactions could provide vital elements (e.g., K and P) and catalytic metals for prebiotic reactions (e.g., Cu 2þ , Mg 2þ , Pb 2þ ). If the fluids react with atmospheric CO 2 with the pressure as high as 1 bar while maintaining a higher than neutral pH, dissolved metals precipitate as carbonate minerals (e.g., MgCO 3 ). Depletion of metals allows for the stable formation of fatty acid vesicles and dissolution of phosphate minerals. If the Hadean terrestrial environments were more reducing than the present-day conditions, with the oxygen fugacity being of a similar level to the IW buffer (Yang et al., 2014) , volcanic exhalations could have provided reactive reducing gases such as NH 3 , HCN, H 2 CO, COS (Mikhail and Sverjensky, 2014; Yang et al., 2014) , and allowed deposition of P as phosphide minerals (e.g., Fe 3 P). If the continent partially differentiated granitic crust, quintessential crustal elements such as boron could have been available in high concentrations (Grew et al., 2011) . Moreover, terrestrial geothermal fields are conducive to dehydration, leading to polymerization through hydrationedehydration cycles. During the evaporation process, solution pH tends to decrease owing to rising concentrations of dissolved species (Li et al., 2008) , thereby favorable conditions for peptide bond formation (Rode and Schwendinger, 1990 ) and nucleotide oligomerization (Rajamani et al., 2008) are satisfied even when the solution is not originally acidic. Hydrationedehydration cycles can also lead to encapsulation of biomacromolecules into lipid membranes (Deamer and Barchfeld, 1982) . If a geothermal pool is partly covered by ice, the temperature gradient within the pool would cause fluid circulation between the cold and warm sides, so that RNA strands can undergo repeated cycles of growth and division.
Concluding remarks
Now we could figure out the geochemical inventory necessary to drive all stages of chemical evolution, ranging from nutrient acquisition, organic synthesis, accumulation, polymerization, and their interactions. What geological processes could offer environments that meet all of the requirements? Were such processes occurring on the Hadean Earth? If so, are the occurrences ubiquitous phenomena or rare on other planets in the universe? These questions need to be tackled by future theoretical and experimental investigations.
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